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Bat deterrents, such as radar and acoustic methods have been suggested as 
potential mitigation for when bats are at risk of harm from human activities and/or 
structures. To date, no study has compared bat responses to these methods, for 
use in a European context. In this thesis, I aimed to (i) test acoustic and radar as 
potential deterrent devices, at foraging sites in the UK, (ii) determine the effect of 
an acoustic deterrent device with increasing distance and (iii) explore bat 
responses to an acoustic deterrent device and potential mechanisms for 
deterrence. I found that acoustic but not radar deterrents were effective at 
reducing bat activity at foraging sites and therefore I focussed on acoustic 
deterrents for the rest of the thesis. I developed a 2-dimensional (2D) thermal bat 
tracking system and used it in combination with acoustic and visual bat pass 
counting methods to examine bat responses to an acoustic deterrent with 
increasing distance. Results from a fine-scale study indicated an 80% reduction in 
bat activity at 15 m from the acoustic deterrent, reducing to 25% reduction at 30 
m, but a larger scale experiment found no deterrent effect beyond 40 m. I then 
developed the thermal tracking method further and examined bat responses in 3D 
to deterrent broadcast and also examined the deterrent’s effect on echolocation 
call parameters. Bats increased their flight speed, decreased the tortuosity of their 
flight paths and focussed the signal of their echolocation calls into a reduced 
bandwidth, in line with a decrease in foraging behaviour and in support of the 
hypothesis that a masking effect of the deterrent sound affects echolocation 
behaviour. I conclude that acoustic deterrence shows great promise in the 
management and conservation of bat populations but warn that these methods 
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1.1 Deterrence systems for bats 
In this thesis, I test and evaluate methods to deter bats from areas where they 
may be at risk from structures built by and/or activities performed by humans. 
Where animals exist near to humans, human-wildlife conflicts and impacts can 
arise (Madden 2004; Redpath et al. 2013) and deterrence is often used as 
mitigation measure to ameliorate impacts on wildlife and/or human resources 
(Arnett et al. 2013; Schakner & Blumstein 2013; Mahjoub et al. 2015). In this 
section, I introduce animal deterrence methods as mitigation for human-wildlife 
conflict and discuss bat deterrent literature published to date.     
1.1.1 Human-wildlife conflict and mitigation 
An expanding human population inevitably places demands on resources, such as 
food, water and energy, and this often leads to degradation of the environment 
and impacts on biodiversity (McGill et al. 2015; Johnson et al. 2017). Human-
wildlife conflict is therefore a major conservation issue (Madden 2004; Hedges & 
Gunaryadi 2010; King et al. 2011; Meijaard et al. 2011; Redpath et al. 2013; 
Redpath et al. 2015; Aziz et al. 2016; King et al. 2017) that can arise when 
stakeholders with different interests clash over conservation of wildlife, human 
welfare and/or resources (such as livestock, crops, fish) (Nyhus 2016). Often 
quoted examples involve large charismatic species, such as crop-raiding elephants 
(Elephas maximus and Loxodonta africana africana) (Hedges & Gunaryadi 2010; 
King et al. 2011; King et al. 2017) or orangutans (Pongo spp.) being killed and 
displaced to make way for palm oil plantations (Meijaard et al. 2011). However, it 
is important to define what we mean when we use the term ‘human-wildlife 
conflict’, which can be misleading, as it encourages an antagonistic narrative 
between humans and wildlife, by implying they are in direct conflict (Redpath et 
al. 2015). More useful phrases are therefore ‘human-wildlife impacts’ and/or 
‘conservation conflicts’, which more carefully describe the conflicts among 
humans that arise from human impacts on wildlife, or vice versa (Redpath et al. 




In this thesis, I explore methods to deter bats which are at risk from human 
structures and/or activities. Wind turbines pose a direct threat of mortality to bats, 
which forage around these structures and can get hit by the turbine blades or 
killed by pressure changes (barotrauma) from entering the rotor-swept area 
(Baerwald et al. 2008; Rydell et al. 2010a; Rydell et al. 2010b; Rollins et al. 2012; 
Rydell & Wickman 2015; Arnett et al. 2016; Rydell et al. 2016).  
Roads and other transportation networks can also affect bats in a variety of ways, 
including via collision or through indirect effects such as noise pollution and 
habitat loss (Bennett & Zurcher 2013; Altringham & Kerth 2016; Fensome & 
Mathews 2016). Therefore, rather than being a human-bat conflict, the conflict 
that arises is between groups wishing to conserve bat species from human impacts 
and those with more commercial or anthropocentric interests. Bat deterrents 
have also been used to alleviate conflict between stakeholders such as bat 
conservation charities, government bodies and those who wish to conserve 
historical buildings that bats roost in and cause damage with their urine and faeces 
(Packman et al. 2015; Zeale et al. 2016). Conservation conflicts and human-wildlife 
impacts are also an important global issue in marine ecosystems (Schakner & 
Blumstein 2013), with depredation of fish stocks and entanglement of marine 
mammals causing significant socio-economic and conservation concerns (Read et 
al. 2006; Gazo et al. 2008; Read 2008; Hamer et al. 2012; Dawson et al. 2013; 
Guinet et al. 2015).  
Mitigation methods to alleviate human-wildlife impacts and conservation conflicts 
are often therefore focused on removing animals from an area where they may 
come to harm, where their presence is causing conflict, or where they are 
regarded as a nuisance (Schakner & Blumstein 2013). Many non-lethal mitigation 
strategies include ways of keeping animals out of an area that contain crops, 
livestock or other resources (Marker et al. 2005), or reducing animal interactions 
with human-built structures, i.e. deterrence (Hedges & Gunaryadi 2010; King et al. 
2011; Arnett et al. 2013; Schakner & Blumstein 2013; Mahjoub et al. 2015; King et 




literature include chemical, acoustic, visual, electrical and even hydrological 
approaches (Mooney et al. 2009; Hedges & Gunaryadi 2010; King et al. 2011; 
Noatch & Suski 2012; Dawson et al. 2013; Schakner & Blumstein 2013; Dieter et 
al. 2014; Mahjoub et al. 2015; Hansen et al. 2016; Swaddle et al. 2016; Zeale et al. 
2016; King et al. 2017). Below I discuss some of these methods and then focus on 
deterrence methods specifically for bats.  
1.1.2 Animal deterrence methods 
The aim of a deterrent is to remove an animal from an area using a stimulus that 
an animal finds uncomfortable, aversive or distracting, or one that masks the 
ability to sense other salient stimuli, for example from predators and/or 
conspecifics (Nicholls & Racey 2007, 2009; Hedges & Gunaryadi 2010; King et al. 
2011; Arnett et al. 2013; Schakner & Blumstein 2013; King et al. 2017). For 
example, chilli pepper and beehive fences deterred elephants from raiding crops 
in Indonesia and Africa (Hedges & Gunaryadi 2010; King et al. 2011) and chemical 
deterrents reduced crop raiding by geese and rodents (Dieter et al. 2014; Hansen 
et al. 2016). Air bubbles and light have been used as deterrence methods in 
fisheries management, as well as chemical, acoustic and electrical techniques 
(Patrick et al. 1985; Noatch & Suski 2012). Bird deterrents such as air crackers and 
birds of prey and their silhouettes have been used at airports, where bird strikes 
are a problem (Burger 1983).  
Acoustic deterrents have shown potential for use with birds (Burger 1983; 
Marques et al. 2014; Mahjoub et al. 2015; Swaddle et al. 2016; Schlichting et al. 
2017), bats (Arnett et al. 2013; Packman et al. 2015; Zeale et al. 2016) and some 
marine mammals (Dawson et al. 2013; Schakner & Blumstein 2013). For example, 
bycatches of small cetaceans were reduced when sound emitting devices called 
‘pingers’ were used with gill nets (Dawson et al. 2013). However, similar devices 
failed to cause aversive responses in other species that depredate from nets, 
probably due to habituation (Gazo et al. 2008; Carretta & Barlow 2011; Schakner 




wind turbines (Marques et al. 2014), airfields (Swaddle et al. 2016; Schlichting et 
al. 2017) and in reduction of crop damage (Mahjoub et al. 2015; Swaddle et al. 
2016). For example, European starlings (Sturnus vulgaris) were deterred from an 
airfield (Swaddle et al. 2016) and from inflicting crop damage when an acoustic 
deterrent disrupted their communication and vigilance behaviour (Mahjoub et al. 
2015; Swaddle et al. 2016). Acoustic devices that have a narrow beam width and 
high enough sound levels to cause physical discomfort at large distances were also 
effective at deterring vultures (Coragyps atratus and Cathartes aura) and gulls 
(Laridae), but not blackbirds (Icteridae), or water species in avian dispersal trials 
(Schlichting et al. 2017). Ultrasound can also be used to deter bats (Arnett et al. 
2013; Zeale et al. 2016) and in the next section, I explore the potential use of 
acoustic deterrents on bats, along with other methods described in the scientific 
literature.    
1.1.3 Methods for deterring bats 
Bat deterrence devices have recently received attention as possible mitigation for 
reducing bat collisions with wind turbines (Nicholls & Racey 2007, 2009; Arnett et 
al. 2013; Gorresen et al. 2015) and for when bats roost in historic buildings 
(Packman et al. 2015; Zeale et al. 2016). Deterrent stimuli that show potential for 
investigation include the use of light, radar and ultrasound to deter bats from 
using an area (Nicholls & Racey 2007, 2009; Arnett et al. 2013; Zeale et al. 2014; 
Gorresen et al. 2015; Packman et al. 2015; Zeale et al. 2016).  
1.1.3.1 Light  
Some bat species are deterred by certain types of lighting, for example streetlights 
or flood-lights (Stone et al. 2012; Stone et al. 2015; Rowse et al. 2016; Rydell et al. 
2017). Lighting has recently been tested as a potential bat deterrent for use in 
churches where urine and faeces can cause damage and a cleaning burden 
(Packman et al. 2015; Zeale et al. 2016). Illumination of ‘no-fly zones’ within 
churches limited bats use of those areas, but bats became entombed in roosts that 




careful consideration and further investigation (Zeale et al. 2016). Indeed, lighting 
in churches can be problematic and even detrimental for bat species that roost 
there. For example, roosting colonies of Plecotus species were significantly 
reduced in churches in Sweden, where flood-lights had been installed, when 
compared to non-lit churches over the same 25+ years (Rydell et al. 2017). 
Ultraviolet (UV) light has also shown potential as a deterrent for Hawaiian hoary 
bats (Lasiurus cinereus semotus) at wind turbines, where they are at risk of 
collision (Gorresen et al. 2015). However, light has the potential to be attractive 
to some bat species, rather than deterrent (Stone et al. 2015; Rowse et al. 2016), 
probably due to its attractive effect to insects, which often aggregate around 
street lights, especially those that emit UV (Rydell 1992; Rydell 2006; Wakefield et 
al. 2018). Therefore, due to the attractive effect of light to some bat species and 
the potential for adverse effects of light deterrents outweighing the potential 
benefits for others, I decided not to include them in experiments for my thesis. 
Instead, I focus on radar and acoustic deterrents in Chapter 2 and acoustic 
methods only in Chapters 3 and 4.  
1.1.3.2 Radar 
Radar is a detection system that uses pulses of high intensity electromagnetic 
fields (radio or microwaves) and has military, aviation, meteorological and wildlife 
detection applications (Chapman et al. 2002; Chapman et al. 2004; Zaugg et al. 
2008; Smith et al. 2016; Olsen & Asen 2017; Bauer et al. 2019). Lower radio 
frequencies (below 10 GHz) can penetrate tissues and exposure in humans and 
other animals can cause behavioural and physiological changes in both fully grown 
individuals and developing young, such as oxidative changes and histopathology 
due to heating of internal organs (D'Andrea et al. 2003; Chauhan et al. 2017; 
Sharma et al. 2017). An auditory response to pulsed radar has also been 
documented for humans and other animals, which rather than being related to 





Nicholls & Racey (2007) found that bats in Scotland avoided air traffic control 
stations where radar was being deployed and suggested its potential as a 
deterrent for use at wind turbines. A follow-on study recorded reduced bat activity 
and foraging when an X-band (8-12 GHz) marine radar unit was used at riparian 
foraging sites, also in Scotland (Nicholls & Racey 2009). The experiment was 
repeated with three different radar operations, including a fixed antenna (no 
rotation) emitting a short pulse length/lower duty cycle program, a fixed antenna 
emitting a medium pulse length/higher duty cycle program (which both affected 
bat activity and feeding), and a rotating antenna emitting the short pulse program, 
that had no effect on bat activity or feeding. The deterrent mechanism was likely 
due to an auditory microwave effect, rather than a thermal burden produced by 
induction (Nicholls & Racey 2009). Due to thermoelastic expansion of their brain 
tissue, it is possible that bats hear a high frequency sound of around 40 kHz, that 
is a function of their brain size, which may interfere with their ability to respond 
to their echolocation echoes from insects and the surrounding environment, or 
may simply be stressful (Sienkiewicz 1998; Elder & Chou 2003; Nicholls & Racey 
2007, 2009). Therefore, I aim to test radar as a deterrent at riparian foraging sites, 
using a similar method to Nicholls & Racey (2009) and compare it to acoustic 
deterrence, which I introduce in the next section.  
1.1.3.3 Acoustic bat deterrents 
In this section, I outline current literature to date exploring acoustic bat deterrents 
and briefly outline the reasoning for the use of ultrasound for bat deterrence. For 
a detailed exploration of the potential mechanisms for acoustic deterrence, see 
Introduction section 1.2 below. 
The potential for using ultrasound to deter bats from approaching wind turbines 
has been demonstrated by researchers in North America in lab and field-based 
experiments and is regarded as a mitigation measure that requires further 
attention and exploration (Szewczak & Arnett 2007; Horn et al. 2008a; Arnett et 




causes (e.g. turbulent water or rain) (Mackey & Barclay 1989; Geipel et al. 2019) 
or anthropogenic noise pollution (e.g. traffic noise) (Schaub et al. 2008; Bunkley et 
al. 2015; Luo et al. 2015). Ultrasound may deter bats as it has a masking effect on 
echolocation, which bats use for prey detection or orientation, or simply because 
it produces a disturbing airspace (see Introduction 1.2 below) (Schaub et al. 2008; 
Bunkley et al. 2015; Luo et al. 2015). Sources of ultrasound may also affect a bat’s 
ability to communicate with conspecifics or indeed the ability to eavesdrop on 
echolocation calls of other bats (which can be beneficial for finding foraging 
sources and mates) (Dechmann et al. 2009; Voigt-Heucke et al. 2016). Bats are also 
affected by high frequency ultrasonic clicks produced by some noxious moths (and 
their mimics) and this is thought to be due, in part to some ‘jamming’ mechanism 
that leaves the bats echolocation system unusable (Hristov & Conner 2005; 
Corcoran et al. 2009; Corcoran et al. 2011; Corcoran & Conner 2012). Therefore, 
bat deterrent systems are usually designed with the aim to mask or jam the 
echolocation calls of bats (Szewczak & Arnett 2006; Szewczak & Arnett 2007; 
Arnett et al. 2013).  
Early work with rodent deterrents that emitted ultrasound were ineffective at 
deterring little brown bats (Myotis lucifugus), but this may have been due to the 
deterrents’ low amplitude emissions (Hurley & Fenton 1980). Bats were deterred 
from ponds by an ultrasonic pest deterrent (26-70 kHz) in a small study carried out 
in the US (Johnson et al. 2012). Laboratory and field experiments carried out in 
North America have shown the potential of ultrasound deterrents for reducing bat 
fatalities at wind turbines (Spanjer 2006; Szewczak & Arnett 2006; Szewczak & 
Arnett 2007; Horn et al. 2008a; Arnett et al. 2013). Feeding and non-feeding trials 
were first conducted on the big brown bat (Eptesicus fuscus) in the laboratory 
(Spanjer 2006) and a prototype speaker was then tested in field trials at water 
bodies in the US (Szewczak & Arnett 2006; Szewczak & Arnett 2007). In the 
laboratory, bats were significantly less likely to land in an area and take a tethered 
mealworm from an area when ultrasonic noise was broadcast (compared to a 




number of bats passing across the near infrared camera field of view when 
ultrasonic speakers were deployed (broadband continuous ultrasound, 20-80 kHz) 
(Szewczak & Arnett 2006; Szewczak & Arnett 2007). Similar deterrents were then 
tested at turbines that were monitored using thermal imaging cameras, at a wind 
farm in New York State, USA, with varying success (Horn et al. 2008a). The same 
researchers then developed a 16-transducer speaker unit, capable of emitting 
broadband ultrasound (20-100 kHz), with maximum transmission at 50 kHz, the 
same as used in this thesis (see Chapter 2 Methods for power spectrum and 
spectrogram of deterrent output). These speakers were tested in situ at a wind 
energy facility in Pennsylvania in the USA, with encouraging results (Arnett et al. 
2013). Fatality searches for dead bats, corrected for field biases in searcher 
efficiency and carcass removal rates were conducted daily, under 10 treatment 
and 15 control turbines, during the summer and autumn of the two-year study. In 
2009, 21-51% fewer bats were killed at treatment turbines. However, after 
accounting for inherent differences between control and treatment turbines in 
2010, between 2% more and 64% fewer bats were killed at deterrent treatment 
turbines. Species deterred by the speakers included hoary bats (Lasiurus cinereus) 
in both years of the experiment and silver haired bats (Lasionycteris noctivagans) 
in 2010. A likely limitation of the study was due to the treated airspace not 
extending beyond the rotor-swept area of turbines and that the distance the 
sound travelled would have been limited by the high humidity at the wind farm.  
Acoustic bat deterrents also have the potential to be implemented in historic 
buildings such as churches where bats roost and cause problems with their urine 
and faeces (Packman et al. 2015; Zeale et al. 2016). The same speakers that were 
tested at wind farms and in this thesis, were effective at moving roosting 
Natterer’s bats (Myotis nattereri) to new roosts inside churches in Norfolk, UK, so 
that damage to church artefacts could potentially be reduced. A follow-on study 
showed the potential for deterrents to be used as a viable long-term mitigation 
method in churches for M. nattereri, however some habituation to broadcast 




et al. 2015). Therefore, acoustic bat deterrence clearly shows potential and 
warrants further investigation.  
1.2 Mechanisms for acoustic deterrence in bats 
When evaluating the use of a deterrent, it is important to understand the 
mechanism by which it works, not only in evaluating its efficacy, but also to 
safeguard from any unwanted negative effects on target and also non-target 
animals (Schakner & Blumstein 2013). Acoustic deterrence can be thought of as 
akin to a novel noise in an animal’s environment, for example from a natural 
source such as rain or turbulent water (Mackey & Barclay 1989; Geipel et al. 2019), 
or indeed anthropogenic noise from e.g. transport, construction or other human 
activities (Schaub et al. 2008; Bunkley & Barber 2015; Bunkley et al. 2015; Luo et 
al. 2015). Therefore, it is important to explore animal responses to noise and how 
this might be relevant to acoustic deterrence.  
1.2.1 Animal responses to noise 
Animals encounter a wide range of noise in their natural environment, which 
combine to form the ambient or background noise level (Moore 2013). Natural 
ambient noise can be made up of sounds emitted by other animals or natural 
processes and is increasingly added to in many areas by anthropogenic noise (e.g. 
noise pollution from transportation, construction or other human activities), often 
elevating it above the normal ambient level (Barber et al. 2010; Francis & Barber 
2013). Anthropogenic noise also often has a relatively high amplitude low 
frequency component but can also extend into the ultrasound (> 20 kHz) and so 
has the possibility of affecting a wide range of animals (Barber et al. 2010; Chan & 
Blumstein 2011; Bennett & Zurcher 2013; Bunkley et al. 2015).  
An animal’s response to noise is dependent on how the animal has evolved in a 
specific auditory environment and therefore unnatural noises (e.g. from 
anthropogenic sources) can induce changes at the behavioural (Barber et al. 2010) 




impacts of noise (mainly anthropogenic) on foraging (Purser & Radford 2011; Wale 
et al. 2013; Luo et al. 2015; Gomes et al. 2016; Mason et al. 2016), courtship (de 
Jong et al. 2018a; de Jong et al. 2018b; Senzaki et al. 2018), migration (McClure et 
al. 2013; Ware et al. 2015; McClure et al. 2017) and predator avoidance behaviour 
(Chan et al. 2010). Impacts of noise on the immune, cardiovascular and 
reproductive systems, metabolism and even an animal’s genetics (e.g. levels of 
gene expression) could also contribute to an effect on fitness (Kight & Swaddle 
2011). Noise also has potential to affect behaviour at the social level (Tidau & 
Briffa 2019) and species distributions and assemblages may also be altered by the 
spread of noise pollution as urban environments continue to grow (Francis et al. 
2009, 2011). Animal hearing organs and structures are often highly specialised for 
specific auditory tasks important for survival and reproduction (Pena & Gutfreund 
2014; Mooney et al. 2015; Scherberich et al. 2017; Yin & Muller 2019). For 
example, some bat and cetacean species have convergently evolved a 
sophisticated system of echolocation, which they use to orientate and find prey 
(Shen et al. 2012; Teeling et al. 2016).  
As well as being aware of a species’ sensory ecology and physiology when 
assessing potential impacts of a noise, it is also important to understand the 
mechanism(s) underpinning an animal’s response to that noise (Luo et al. 2015; 
Zhou et al. 2019), in order to evaluate and mitigate for potential effects. 
Mechanisms fit broadly under three hypotheses: auditory masking, noise 
avoidance or aversion, and the distraction or reduced attention hypothesis (Chan 
et al. 2010; Luo et al. 2015; Zhou et al. 2019). In the next three sections, I therefore 
outline each hypothesis and any literature relating specifically to mechanisms of 
noise response in bats.  
1.2.1.1 Auditory masking 
Auditory masking is a term from the field of psychoacoustics which describes a 
situation where the perception of one sound is affected by another ‘masking 




masking) and/or the frequency domain (spectral masking). Temporal masking 
occurs when a sound is made less audible by the sudden onset of another sound 
either before or after the first (masked) sound. Spectral masking occurs when the 
threshold for the ability to hear one sound is increased by the presence of another 
sound. The masking sound is usually at a similar frequency to the masked sound, 
although upward (a lower frequency sound masking a higher one) and downward 
masking (a usually intense level of high frequency sound masking a lower one) are 
possible (Zwicker & Fastl 1990). However, the amount of masking that occurs 
depends not only on the characteristics of the original sound and the masker, but 
also on the hearing system of the individual listener (Moore 2013).  
Masking sounds can affect an animal’s ability to find food (Schaub et al. 2008; 
Bunkley & Barber 2015; Bunkley et al. 2015; Luo et al. 2015; Mahjoub et al. 2015) 
and avoid predators (Mahjoub et al. 2015; Morris-Drake et al. 2017; Zhou et al. 
2019). For example, masking may affect an animal’s ability to relay or glean 
important information to or from conspecifics about the presence of predators 
(Mahjoub et al. 2015; Morris-Drake et al. 2017; Zhou et al. 2019). Superb fairy 
wrens (Malurus cyaneus) and European starlings (Sturnus vulgaris) were less likely 
to react to conspecific alarm calls (Mahjoub et al. 2015; Zhou et al. 2019) and 
dwarf mongooses (Helogale parvula) to heterospecific alarm calls (Morris-Drake 
et al. 2017), when a masking noise was broadcast. Foraging in starlings was also 
reduced by sound broadcast by about a half, in food patch choice experiments, 
due to masking of contact calls that the birds rely on to communicate when 
foraging (Mahjoub et al. 2015). Foraging in the mouse-eared bat (Myotis myotis) 
was also reduced by broadcast traffic noise, which overlapped in frequency with 
prey-generated sounds (Schaub et al. 2008).   
Acoustic masking from anthropogenic noise may also reduce the acoustic space 
available for animal communication, for example in fish (Radford et al. 2014), 
marine mammals (Clark et al. 2009), and some birds (Francis et al. 2011). For 
example, auditory sensitivity was reduced in three species of fish by boat noise 




conspecific intruders’ songs in the spotted towhee (Pipilo maculatus) and the 
chipping sparrow (Spizella passerina) was increased during playbacks of songs with 
low frequency masking noise added (Kleist et al. 2016). However, some animals 
seem to be able to adapt to sounds masking their communication, either by 
increasing the amplitude (i.e. the Lombard effect), or by changing temporal or 
frequency components of their calls (Foote et al. 2004; Lowry et al. 2012; Roca et 
al. 2016; Bittencourt et al. 2017; Dorado-Correa et al. 2018; Song et al. 2019). For 
example, noisy miners (Manorina melanocephala) increased the amplitude of 
their calls in noisy urban environments (Lowry et al. 2012). Mallard ducks also 
increased the amplitude of their calls during broadband noise playback at 0-12 kHz 
(Dorado-Correa et al. 2018) and orca (Orcinus orca) increased the duration of their 
calls in the presence of boats (Foote et al. 2004). Some bat species also alter their 
echolocation call characteristics in response to a masking sound, which I discuss 
further in the following section.  
1.2.1.1.1 Auditory masking in bats 
Bats have evolved a sophisticated system of echolocation which relies on active 
hearing (Metzner & Müller 2016). Therefore, being able to echolocate, bats are 
susceptible to a type of masking specific to sonar signals, often called ‘jamming’ 
(Griffin et al. 1963). Masking/jamming of echolocation calls can occur when a 
sound interferes with a bat’s ability to discern relatively quiet echoes of 
echolocation calls returning from objects in the environment (Bates et al. 2008; 
Tressler & Smotherman 2009; Corcoran et al. 2011; Corcoran & Conner 2012; Hase 
et al. 2018). Sources of masking noise include conspecific calls (Jarvis et al. 2013; 
Amichai et al. 2015; Fawcett & Ratcliffe 2015), noises from other animals such as 
insects (Gillam & McCracken 2007; Corcoran et al. 2011; Corcoran & Conner 2012), 
other natural sources of sound (Mackey & Barclay 1989; Geipel et al. 2019) and 
anthropogenic noise (Tressler & Smotherman 2009; Bunkley et al. 2015).  
Bats can also exhibit a jamming avoidance response (JAR), in which they alter the 




(Gillam et al. 2006; Bates et al. 2008; Tressler & Smotherman 2009; Takahashi et 
al. 2014; Amichai et al. 2015; Fawcett & Ratcliffe 2015; Hase et al. 2018). For 
example, pairs of Myotis daubentonii flying together emitted echolocation calls 
with greater spectral differences than those flying alone (Fawcett & Ratcliffe 
2015). Big brown bats (Eptesicus fuscus) also shifted the narrowband components 
of their calls away from a jamming stimulus of similar frequency in forced choice 
detection tasks in the laboratory (Bates et al. 2008). However, bats do not always 
alter the spectral components of their signals in order to reduce interference by a 
masking sound. For example, Pipistrellus kuhlii emitted calls of higher intensity, 
longer duration and more often in response to playbacks of conspecific 
echolocation calls from multiple speakers (Amichai et al. 2015). However, as P. 
kuhlii did not alter the spectral component of its calls, this response was more 
likely to increase the signal-to-noise ratio, rather than an avoidance of spectral 
overlap. Brazilian free-tailed bats (Tadarida brasiliensis) also increased duration 
and decreased bandwidth of their calls to increase signal-to-noise ratio (Bunkley 
et al. 2015). However, the changes to call characteristics documented in bats flying 
together may also be due to conspecifics flying nearby representing acoustic 
clutter, which can induce similar spectral and temporal effects on calls to JARs 
(Gotze et al. 2016).  
Masking can also occur when bats are unable to hear prey-generated sounds 
(Schaub et al. 2008; Bunkley & Barber 2015). Anthropogenic noise pollution such 
as traffic noise often overlaps with the frequencies produced by for example 
arthropods walking along the ground (Schaub et al. 2008). For example, playbacks 
of anthropogenic noise increased the search time of two types of bats that hunt 
by passive listening, the mouse-eared bat (Myotis myotis) (Schaub et al. 2008) and 
the pallid bat (Antrozous pallidus) (Bunkley & Barber 2015). Natural sounds may 
also affect bats’ ability to locate their prey due to the masking of glints caused by 
insect bodies in echoes returning from echolocation calls (Mackey & Barclay 1989; 
Geipel et al. 2019). For example, two species of rainforest bats (Micronycteris 




rainfall noise (Geipel et al. 2019) and big and little brown bats (Eptesicus fuscus 
and Myotis lucifugus) avoided areas of water over which playbacks of turbulent 
water noise were broadcast (Mackey & Barclay 1989).  
However, animals can also exhibit noise responses even when the sound in 
question does not overlap in range with a signal they are trying to detect (Luo et 
al. 2015; Senzaki et al. 2018). Indeed, noise can also affect the processing of 
information from other sensory cues, such as from olfactory and visual stimuli and 
lead to reduction in attention or predator vigilance (Chan et al. 2010; Purser & 
Radford 2011; Morris-Drake et al. 2016), discussed in the next sections.  
1.2.1.2 Reduced attention hypothesis 
Animals contend with a wide range of sensory inputs, that they also rely on to 
carry out tasks important to survival and reproduction (Dukas & Kamil 2000; 
Persons et al. 2001; Barber et al. 2003; Amichai et al. 2015; Dell'Aglio et al. 2016; 
Gomes et al. 2016). Performance in one task can be limited by attention to another 
and this has implications in, for example predator avoidance (Dukas & Kamil 2000; 
Chan et al. 2010; Morris-Drake et al. 2016), intraspecific communication (Senzaki 
et al. 2018) and finding or catching prey (Barber et al. 2003; Purser & Radford 
2011). Noise, especially from anthropogenic sources, can therefore act as a 
distractive stimulus, resulting in reduced attention given to important cues (Chan 
& Blumstein 2011). For example, noise can disrupt courtship communication, by 
distracting receivers so they fail to react to mating signals (Senzaki et al. 2018). 
Phonotaxis of female anurans towards male advertisement was affected by both 
overlapping and non-overlapping noise, suggesting a reduced attention or 
aversive effect, rather than a masking one (Senzaki et al. 2018). Foraging efficiency 
can also be affected by a distracting noise in an animal’s environment (Purser & 
Radford 2011). For example, three-spined sticklebacks (Gasterosteus aculeatus) 
reduced foraging efficiency in response to playbacks of noise (Purser & Radford 
2011). Noise may also interfere with an animal’s ability to react to predator cues 




(Chan et al. 2010; Kunc et al. 2014; Morris-Drake et al. 2016). For example, 
distraction by boat noise reduced predator vigilance in Caribbean hermit crabs 
(Coenobita clypeatus) (Chan et al. 2010) and dwarf mongooses took longer to 
detect predator faeces and were less likely to increase their vigilance in response 
to these cues, during traffic noise playbacks (Morris-Drake et al. 2016). Common 
cuttlefish (Sepia officinalis) also changed colour more frequently in visual 
communication displays during playback of anthropogenic noise (Kunc et al. 
2014). Responses to noise are not always due to masking or distraction, however. 
Noise aversion or avoidance can also be due to a simple stress response (Kight & 
Swaddle 2011) or due to the inability to carry out important behaviours such as 
finding food, mates or communicating with conspecifics (Mackey & Barclay 1989; 
Luo et al. 2015; Geipel et al. 2019).   
1.2.1.3 Noise avoidance hypothesis  
Noise can have wide reaching behavioural and physiological effects, as previously 
discussed in this chapter. Although some of these effects may be due to masking 
or distraction, noise may also just represent potentially stressful, aversive or 
uncomfortable stimuli (Wright et al. 2007; Luo et al. 2015). Novel noises, especially 
those from anthropogenic sources can therefore cause animals to exhibit an 
aversive response or in some cases outright avoidance of an area where the sound 
is present (Schaub et al. 2008; Bunkley et al. 2015; Luo et al. 2015; Geipel et al. 
2019). Animals might avoid an area as they are unable to carry out their normal 
behaviour due to the presence of a sound and therefore find that noise aversive. 
For example, Micronycteris microtis and Molossus molossus delayed emergence 
from roosts in response to rainfall noise (Geipel et al. 2019) and Eptesicus fuscus 
and Myotis lucifugus avoided turbulent water noise when foraging (Mackey & 
Barclay 1989). However, it is often difficult tell whether an aversive response to a 
noise is simply due to stress or whether masking or distraction also play a part (Luo 
et al. 2015). Luo et al. (2015) devised a framework to test the mechanism of 
response to traffic noise in Daubenton’s bats (Myotis daubentonii). The authors 




out the reduced attention hypothesis. Bats also responded to both noise that did 
and did not overlap in frequency with the species’ echolocation calls and therefore 
their responses were unlikely to be affected solely by a masking effect. The most 
likely mechanism was therefore simply avoidance of the noise as it represented an 
aversive stimulus. 
1.2.1.4 Impacts of bat deterrence  
Acoustic deterrence systems usually work by removing an animal from an area 
where it may come to harm or where conflict is caused by its presence or 
interaction with humans (Arnett et al. 2013; Schakner & Blumstein 2013; Zeale et 
al. 2016). Evaluation of whether the sound is acting as a stressor and its potential 
impacts on a species is crucial in the development of any deterrence system 
(Schakner & Blumstein 2013). This is especially relevant when exploring the use of 
acoustic deterrence systems in bats, which are likely to utilise masking or aversive 
effects to remove animals from an areas and potentially away from important 
resources (Schaub et al. 2008; Bunkley & Barber 2015; Bunkley et al. 2015; Luo et 
al. 2015). However, it is important to remember that many animals, including bats 
have evolved in acoustically complex soundscapes and therefore have the ability 
to adapt dynamically to a changing acoustic environment (Griffin et al. 1963; 
Takahashi et al. 2014; Amichai et al. 2015; Bunkley et al. 2015; Corcoran & Moss 
2017; Hase et al. 2018). Many human activities also pose a relatively higher risk 
than the use of noise for deterrence (Baerwald et al. 2014; Lehnert et al. 2014; 
Altringham & Kerth 2016; Arnett et al. 2016; Rowse et al. 2016; Voigt & Kingston 
2016). Therefore, it is necessary to carefully weigh up the impacts of using 
deterrence systems on any given animal compared to the human activity or 
structure that they may need protection from.        
1.3 Thermal imaging methods for tracking bats 
In this thesis, I develop a thermal tracking system for bats, which I use to examine 
both 2-dimensional (2D) and 3-dimensional (3D) responses to an acoustic 




al. 2009; Polak et al. 2011) and stereo photogrammetry (Jones & Rayner 1988, 
1991; Jones 1995) and videogrammetry (Holderied et al. 2005) have all been used 
to study bat behaviour in flight, and thermal imaging is proving a useful tool in 
studying bat populations and their behaviour (Hristov et al. 2008). However, to 
date, only a handful of studies have used stereo- thermal videogrammetry and 
flight path tracking to study bats (Betke et al. 2008; Yang et al. 2013). In this 
section, I introduce these methods and discuss their application to bat ecology and 
biology.   
1.3.1 Thermal imaging of wildlife 
Thermal imaging involves the detection of infrared radiation or heat, emitted by 
all objects on Earth that are above absolute zero (0°K or -273.15°C) (Cilulko et al. 
2013; McCafferty 2013). Thermal imaging cameras usually detect wavelengths of 
radiation in the range of 8-15 µm, not to be confused with near infrared (NIR) 
cameras, which record near infrared light, which has a wavelength (1 µm) much 
nearer the visible region of the electromagnetic spectrum (and usually requiring 
extra illumination). All the pixels in a thermal image contain an individual 
temperature or radiometric reading, which can be used in for example, the study 
of animal thermoregulation (Hristov et al. 2008; Kuhn & Meyer 2009), physiology 
(Evangelista et al. 2010) and welfare (Yahav et al. 2005). However, radiometric 
data are not usually relevant for detection, counting or tracking applications, like 
those needed in this thesis (McCafferty 2013; Dell et al. 2014). Thermal imaging is 
therefore a non-invasive method that allows animal behaviour to be recorded 
over relatively long distances, and is especially helpful in imaging animals that fly 
at night, when incidentally the thermal contrast happens to be greatest 
(McCafferty 2013). It is also a method that is becoming increasingly more 
affordable and portable and therefore has been useful in the study of bats in 
recent decades. For example, thermal imaging has allowed more accurate 
counting and study of emergence behaviour in bats that roost in caves in large 
colonies (Betke et al. 2008; Hristov et al. 2008; Hristov et al. 2010). Bat behaviour 




Cryan et al. 2014). Along with flight path tracking methods (discussed in the next 
section), thermal footage has also been used to study flight (Yang et al. 2013) and 
foraging behaviour in bats (Hristov et al. 2008). Thermal imaging tracking methods 
have also shown potential in the detection and classification of birds and bats at 
offshore wind farm sites, where they may be at risk of collision (Cullinan et al. 
2015; Matzner et al. 2015). Therefore, in the next section, I discuss the use of 
tracking methods in the study of animal movements and finish by introducing the 
potential of using stereo thermal videogrammetry to study bats.  
1.3.2 Image-based tracking methods and stereo-videogrammetry 
Until relatively recently, the study of animal movements and interactions has been 
limited to bio-logging techniques such as telemetry and/or direct observation of 
animal behaviour on previously recorded footage (Dell et al. 2014). Recent 
developments in recording equipment and computer vision systems have allowed 
researchers access to sophisticated image-based tracking systems that have been 
used for example, in studying animal behaviour, welfare, physiology and 
neurobiology (for a review see Dell et al. 2014).  
Tracking usually includes three main steps: image acquisition, tracking and analysis 
of tracking data (Dell et al. 2014). Image acquisition includes the recording of data 
in the form of a sequence of image stills, with a defined spatial (pixel dimensions) 
and temporal (number of frames per second) resolution. Tracking normally relies 
on a process called background subtraction, where movement is detected 
between frames by subtracting one frame from the proceeding frame and the 
plotting of a localisation coordinate. Successive localisations are linked up to plot 
trajectories of an individual object’s movement over time. Trajectory 
characteristics and interaction between individuals can then be analysed in post 
or real-time processing (Dell et al. 2014). Accuracy in tracking and the quality of 
the subsequent analysis is dependent on the type of tracking attempted (2D, 3D, 
thermal tracking etc.), the number of individuals to be tracked and the data 




focussed on image-based tracking systems designed for laboratory use, in for 
example, the study of animal neurobiology (Straw et al. 2011; Gomez-Marin et al. 
2012), welfare (Matthews et al. 2017) and behaviour (Straw et al. 2011; 
Matsumoto et al. 2013). Collecting tracking data in a relatively complex 
environment, such as a natural habitat, outside the laboratory, is much more 
difficult, and the challenges increase with the number of individuals and the use 
of 3D techniques (Betke et al. 2017). Out of the laboratory, 2D tracking has been 
used in the automatic classification of birds and bats at offshore windfarms 
(Cullinan et al. 2015; Matzner et al. 2015) and in monitoring large colonies of bats 
that roost in caves (Betke et al. 2008; Hristov et al. 2010). Stereo-tracking or 
stereo-videogrammetry requires the use of multiple synchronised cameras and 
calibration of those cameras in 3D space, in order to obtain accurate triangulation 
and localisation (Dell et al. 2014; Betke et al. 2017). Accuracy of resulting 3D 
trajectories can be affected by the camera properties and placements and also 
calibration procedures (Betke et al. 2017). However, once the challenges of 3D 
calibration and accurate triangulation have been overcome, stereo-tracking 
methods can allow detailed information about animal distributions and behaviour 
to be collected (Ballerini et al. 2008; Hristov et al. 2008; Yang et al. 2013; Attanasi 
et al. 2014). For example, 3D tracking systems have proved a useful tool in the 
study of collective movements in midge swarms (Attanasi et al. 2014), fish schools 
(Viscido et al. 2004) and European starling murmurations (Ballerini et al. 2008). 
Stereo-videogrammetry was also used to measure flight speeds and echolocation 
source levels in the bat Eptesicus bottae (Holderied et al. 2005) and in studying 
how individual bats localise each other in tandem flights (Giuggioli et al. 2015).  
Combining 3D tracking methods with thermal imaging allows animals that fly in 
the dark, such as bats to be studied in more detail than has been previously 
possible and without extra illumination. However, to date only a handful of studies 
have used stereo thermal videogrammetry to study bats. Hristov et al. (2008) used 
thermal 3D tracking to study foraging behaviour and predator-prey interactions, 




thermal videogrammetry with LiDAR to reconstruct bat flight paths through a 
forest.   
Therefore, for this thesis, I developed both 2D and 3D thermal flight path tracking 
methods in order to study bat responses to an acoustic deterrent.  
1.4 Thesis aims and outline 
Human-bat conservation conflicts and impacts are an increasingly important 
concern for many bat species globally (Arnett & Baerwald 2013; Altringham & 
Kerth 2016; Arnett et al. 2016; Aziz et al. 2016; Fensome & Mathews 2016; Rowse 
et al. 2016; Voigt & Kingston 2016). Threats to populations include direct mortality 
from wind turbines (Arnett & Baerwald 2013; Arnett et al. 2016) and human 
transportation networks (Bennett & Zurcher 2013; Altringham & Kerth 2016; 
Fensome & Mathews 2016) and indirect impacts from noise (Bennett & Zurcher 
2013; Hage & Metzner 2013; Bunkley & Barber 2015; Bunkley et al. 2015; Luo et 
al. 2015) and light pollution (Stone et al. 2009, 2012; Stone et al. 2015; Rowse et 
al. 2016), or from conservation conflicts, when bats are regarded nuisance 
animals, for example in historical buildings (Zeale et al. 2016) or fruit orchards (Aziz 
et al. 2016). Bat deterrence devices may therefore ameliorate some human 
impacts and have potential to be used as mitigation in a variety of scenarios 
(Arnett et al. 2013; Altringham & Kerth 2016; Zeale et al. 2016).  
Acoustic deterrents have been tested for use on birds and marine mammals with 
some success (Schakner & Blumstein 2013; Mahjoub et al. 2015; Swaddle et al. 
2016; Schlichting et al. 2017). However, to date there have been only a small 
number of papers published evaluating the efficacy of bat deterrence devices 
(Arnett et al. 2013; Zeale et al. 2016). Thermal imaging and image-based tracking 
methods allow night flying animals such as bats to be visualised and their flight 
path trajectories analysed and quantified (Hristov et al. 2008; Dell et al. 2014; 
Betke et al. 2017). Therefore, in this thesis, I investigate bat deterrence methods 
(radar and ultrasound) that have shown potential in reducing bat activity and 




methods to evaluate bat responses to an acoustic deterrent and explore potential 
mechanisms for deterrence. The specific objectives of this thesis are therefore as 
follows: 
- To test whether radar and acoustic deterrents reduce the activity and 
foraging behaviour of bats at riparian foraging sites in the UK.  
- To quantify bat activity with increasing distance from an acoustic deterrent 
and model how the deterrent sound is likely to propagate in the riparian 
environment. 
- To evaluate bat flight trajectory and echolocation call characteristics 
recorded during acoustic deterrent broadcast compared to a silent control 
and investigate mechanisms for deterrence.   
- To develop a 2-dimensional thermal bat tracking and 3-dimensional stereo 
thermal videogrammetry method to test bat responses to an acoustic 
deterrent in situ at natural riparian foraging sites in the UK.  
In Chapter 2 of this thesis, I compare the effectiveness of radar and acoustic bat 
deterrence in reducing bat activity and foraging at riparian sites on the border of 
England and Wales. Results indicate that acoustic, but not radar deterrents are 
effective at reducing bat activity and foraging and therefore I focus on acoustic 
deterrence only for the rest of the thesis.  
In Chapter 3, I develop and use thermal bat tracking methods along with 
traditional bat pass counting methods (acoustic and visual) to investigate the 
effect of an acoustic deterrent on bat activity at distances of 15-30 m in a fine-
scale experiment and over 0-120 m in a larger scale study. I also use sound 
modelling to predict the propagation of the deterrent speaker output in a riparian 
habitat and evaluate whether bats are likely to be able to hear it at different 
frequencies and distances.  
In Chapter 4, I develop a thermal stereo videogrammetry method and examine 
echolocation call characteristics to test the predictions that i) bats avoid acoustic 




ii) this masking effect results in a reduction of foraging activity, which is associated 
with an increase of flight speed and a decrease in tortuosity (curvature) of flight 
paths.   
In Chapter 5, I discuss the wider potential and applications of deterrence for use 
in mitigation for human impacts on bats and some of the potential limitations and 
welfare implications of these methods. I also caution against the broadscale use 
of deterrents and highlight the importance of evaluation of their use in a case-by-
case basis. Finally, I outline potential research directions and further development 
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2.1 Abstract  
Where humans and wildlife co-exist, mitigation is often needed to alleviate 
potential conflicts and impacts. Deterrence methods can be used to reduce 
impacts of human structures or activities on wildlife, or to resolve conservation 
conflicts in areas where animals may be regarded as a nuisance or pose a health 
hazard. In this chapter, I test two methods (acoustic and radar) that have shown 
potential for deterring bats away from areas where they forage and/or roost. 
Using both infrared video and acoustic methods for counting bat passes, I show 
that ultrasonic speakers were effective as bat deterrents at foraging sites, but 
radar was not. Ultrasonic deterrents decreased overall bat activity (filmed on 
infrared cameras) by ~80% when deployed alone and in combination with radar. 
However, radar alone had no effect on bat activity when video or acoustic data 
were analysed using generalised linear mixed effect models. Feeding buzzes of all 
species were reduced by 79% and 69% in the ultrasound only treatment when 
compared to the control and radar treatments, but only the ultrasound treatment 
was significant in post-hoc tests. Species responded differently to the ultrasound 
treatments and I recorded a deterrent effect on both Pipistrellus pipistrellus (~40-
80% reduction in activity) and P. pygmaeus (~30-60% reduction), but not on 
Myotis species. However, only the ultrasound and radar treatment was significant 
(when compared to control and radar) in post-hoc tests for P. pipistrellus. 
Deterrent treatment was marginally non-significant for P. pygmaeus, but the 
ultrasound only treatment was significant when compared to radar in post-hoc 
tests. In conclusion, I suggest that acoustic methods, but not radar are explored 
further as deterrence methods for bats, and therefore focus on acoustic only for 




2.2 Introduction  
In this chapter, my aim was to explore the effectiveness of different bat deterrent 
devices that have shown potential in the literature for reducing human-bat 
impacts and conservation conflicts. With an ever-expanding world population, 
increased incidences of human-wildlife conflicts and interactions are inevitable. 
These interactions can lead to detrimental impacts on wildlife, ranging from 
habitat loss to direct mortality and in some cases can also have significant impacts 
on human lives (Nyhus 2016).  
In areas where humans and wildlife coexist, conflict often arises between 
stakeholders wishing to conserve species and those who have other more 
anthropocentric interests (Redpath et al. 2015). Although often used to describe 
situations where humans and wildlife come into contact, the phrase ‘human-
wildlife conflict’ can be misleading, as it pitches humans and animals against each 
other (Redpath et al. 2015). Therefore, the phrases ‘human-wildlife impacts’ and 
‘conservation conflicts’ more adequately sum up human-wildlife interactions 
(Redpath et al. 2013; Redpath et al. 2015).  
Human-wildlife impacts and conservation conflicts are often key conservation 
concerns for a wide range of taxa (Redpath et al. 2013). Many human structures 
and activities put species at risk, for example by inducing changes in behaviour, 
degrading habitats or by producing a direct mortality risk (Loss et al. 2015; Leopold 
& Hutchins 2016; Shannon et al. 2016). Conservation research has therefore 
focussed on mitigation strategies that exclude animals from areas where they may 
come to harm, or where they may impact or cause damage to human 
activities/structures, for example using deterrence (Hedges & Gunaryadi 2010; 
Wang et al. 2010; King et al. 2011; Noatch & Suski 2012; Dieter et al. 2014; 
Mahjoub et al. 2015; Swaddle et al. 2016; Zeale et al. 2016; King et al. 2017).  
Bats are one group for which deterrence has been suggested as a potential 
mitigation method for reducing human impacts and conservation conflicts 




et al. 2016). Protecting bat species is a key conservation concern for many 
European countries and many species have legal protection and/or are listed as 
‘Endangered’ (Voigt & Kingston 2016). Being slow to reproduce, long-lived and 
subject to the high energy requirements of flight, bats are regarded as vulnerable 
to threats such as habitat loss, climate change and emerging diseases (Voigt & 
Kingston 2016). Human structures and activities can also put bat populations at 
risk and are therefore present potential applications for deterrence. For example, 
wind energy development and construction pose significant threats to bat 
populations, with large numbers of fatalities documented in North America in 
recent decades (Arnett et al. 2008; Arnett et al. 2016). Fatalities in Europe are not 
documented on such a large scale, but still have the potential to cause deleterious 
effects to resident and migratory bat populations (Amorim et al. 2012; Camina 
2012; Santos et al. 2013; Lehnert et al. 2014; Mathews et al. 2016). Deterrence 
may therefore provide a way to keep bats away from the rotor-swept zone of wind 
turbines, reducing fatalities (Arnett et al. 2013).  
Roads and other transport infrastructures are also likely to have significant 
negative impacts on bat populations, due to habitat loss, noise pollution and 
mortality due to collision, yet mitigation is at present mostly insufficient 
(Altringham & Kerth 2016). Deterrence could therefore be used alongside existing 
mitigation such as green bridges or overpasses, diverting bats away from flight 
lines over roads where they may be at risk from collision, towards safer routes. 
Bats can also cause damage and a cleaning burden in historic buildings where they 
roost (Zeale et al. 2016) and in some cases pose a human health hazard in 
workplaces, schools and places of worship (Mgode et al. 2014; Voigt et al. 2016). 
Conservation conflicts can therefore arise between those wishing to conserve bat 
populations and people using a building where bats are roosting and causing 
problems (usually with their urine and faeces) (Mgode et al. 2014; Zeale et al. 
2016). In some cases, this leads to exclusion of bats from buildings, which if carried 
out unlawfully or without careful consideration, can be detrimental to a colony’s 




Therefore, reducing the impact of human structures, activities and conservation 
conflicts on bat populations, is crucial for bat conservation, and should be a 
priority. However, before a deterrence method is implemented, exploration of 
alternatives should be undertaken, following the mitigation hierarchy, first seeking 
to avoid or minimise any impacts before moving to reduce or compensate (Peste 
et al. 2015). Indeed, using deterrence to move bats out of an area may cause 
unintended effects, such as habitat loss, barrier effects and/or stress, which need 
to be weighed up against alternative mitigation (Kight & Swaddle 2011). However, 
where more benign alternatives fail, deterrence is a method that should be 
considered, especially in situations where bats are at risk of serious harm or direct 
mortality.     
Potential deterrence methods for bats include light, radar and sound (Nicholls & 
Racey 2009; Stone et al. 2009; Arnett et al. 2013; Gorresen et al. 2015; Rowse et 
al. 2016; Zeale et al. 2016). Some bat species are deterred by certain types of 
lighting, for example streetlights or flood-lights (Stone et al. 2012; Stone et al. 
2015; Rowse et al. 2016; Rydell et al. 2017). Lighting has recently been tested as a 
potential bat deterrent for use in churches where urine and faeces can cause 
damage and a cleaning burden (Packman et al. 2015; Zeale et al. 2016). 
Illumination of ‘no-fly zones’ within churches limited use of those areas, but bats 
became entombed in roosts that were directly lit, causing the authors to caution 
against using this method without careful consideration and further investigation 
(Zeale et al. 2016). Indeed, lighting in buildings where bats roost can be 
problematic and even detrimental for species that roost there, causing delays in 
emergence, roost abandonment, habitat fragmentation, effects on commuting, 
foraging and hibernation, and in some cases death (Stone 2013; Rowse et al. 
2016). One striking example was the report of a 40watt light bulb causing the 
sudden deaths of over 1000 Myotis myotis bats in Germany, when it was left on 
inside a roost for two days (Stone 2013). Roosting colonies of Plecotus species 
were also significantly reduced in churches in Sweden, where flood-lights had 




(Rydell et al. 2017). Ultraviolet (UV) light has also shown potential as a deterrent 
for Hawaiian hoary bats (Lasiurus cinereus semotus) at wind turbines, where they 
are at risk of collision (Gorresen et al. 2015). However, light has the potential to 
be attractive to some bat species, rather than a deterrent (Stone et al. 2015; 
Rowse et al. 2016), probably due to its attractive effect on insects, which often 
aggregate around street lights, especially those that emit UV (Rydell 1992; Rydell 
2006; Wakefield et al. 2018). Therefore, due to the potential for adverse effects of 
light deterrents for bats outweighing the potential benefits, I decided not to 
include these methods in this chapter and focussed instead on radar and acoustic 
deterrents.  
Radar has been proposed as a bat deterrent, specifically for use at wind turbines 
(Nicholls & Racey 2007, 2009). Suggested mechanisms of deterrence include a 
thermal burden effect of the electromagnetic radiation, or a jamming effect on 
echolocation, by high frequency sound produced during thermoelastic expansion 
of brain tissue (Nicholls & Racey 2009). Bat activity and foraging effort were lower 
at air traffic control regions in Scotland where radar was deployed (Nicholls & 
Racey 2009). A follow-on study, also in Scotland, recorded reduced bat 
echolocation call activity and foraging when an X-band (8-12 GHz) marine radar 
unit was used at riparian foraging sites (Nicholls & Racey 2009).  
The potential for using ultrasound (high frequency sound above 20 kHz) to deter 
bats has also received attention (Arnett et al. 2013; Zeale et al. 2016). Foraging 
bats tend to avoid noise, whether from natural sources (e.g. high frequency 
sounds emitted by insects and/or produced by turbulent water) (Mackey & Barclay 
1989; Gillam & McCracken 2007) or anthropogenic noise pollution (e.g. traffic 
noise) (Schaub et al. 2008; Bunkley & Barber 2015; Bunkley et al. 2015; Luo et al. 
2015). Ambient noise may deter bats, as it precludes the use of echolocation for 
prey detection or orientation, masks sounds made by insect prey, or simply 
because it produces a disturbing airspace (Mackey & Barclay 1989; Gillam & 
McCracken 2007; Schaub et al. 2008; Bunkley et al. 2015; Luo et al. 2015). Sources 




indeed the ability to eavesdrop on echolocation calls of other bats (which can be 
beneficial for finding foraging sources and mates) (Dechmann et al. 2009; Voigt-
Heucke et al. 2016). Bats are also affected by high frequency ultrasonic clicks 
produced by some noxious moths (and their mimics) and this is due, in part to a 
‘jamming’ mechanism that leaves the bats echolocation system unusable (Hristov 
& Conner 2005; Corcoran et al. 2009; Corcoran et al. 2011; Corcoran & Conner 
2012). Therefore, bat deterrent systems are usually designed with the aim to mask 
or jam the echolocation calls of bats (Arnett et al. 2013). Field trials of acoustic 
deterrents at wind farm sites in North America were successful in reducing the 
numbers of bat fatalities (Arnett et al. 2013). The same speakers also showed 
potential in reducing conservation conflicts in historic buildings, where bat 
droppings and urine can potentially damage valuable historic artefacts (Packman 
et al. 2015; Zeale et al. 2016).  
Deterrence is therefore a method that has potential in cases where other 
measures have failed, to reduce impacts of human structures and activities on bats 
and alleviate conservation conflicts in areas where bats roost and come into 
contact with humans. Therefore, in this chapter, I aim to compare the 
effectiveness of radar and acoustic bat deterrents at foraging sites in the UK and 
predict that as previously demonstrated, both methods will significantly reduce 
bat activity and foraging in the treated airspace. 
2.3 Methods  
2.3.1 Site selection and experimental procedure 
I carried out experiments during June-September 2015 at 14 riparian sites (> 1 km 
apart to minimise the chances of recording the same individuals) that contained a 
stretch of river or canal with an area of still water and a bridge, chosen as they 
were likely to have relatively high concentrations of foraging bats (Warren et al. 
2000) (Figure 2.1). River sites were located on the border of England and Wales 
(Herefordshire/Shropshire and Powys) and canal sites in Gloucestershire and 




and radar (X-band Marine Radar FR-8062, Furuno Electric Co., Ltd, Tokyo, Japan), 
together and in isolation, alternately with a silent control (no sound/radar) for 10 
mins per treatment, over 4 treatment blocks (with a 5-minute recovery period 
between treatments where no sound/radar was deployed).  
Experiments lasted 1 hour, starting 30-45 mins after sunset (depending on 
ambient light levels), when bat activity was likely to be at its highest. I alternated 
the order of treatment (ultrasound, radar, ultrasound and radar and control) in 
the four time blocks over the fourteen sites in a counterbalanced design. Sixteen 
sites were initially chosen to follow a temporal Latin square design of treatment 
order, but two sites could not be used in the analysis due to equipment failure. 
However, statistical analysis using generalized linear mixed effect models controls 
for unbalanced order in experimental design (see Methods 2.3.4 below). I also 
included time block as a fixed effect in statistical analysis, to control for temporal 
changes in bat activity during the experiment. 
 
Figure 2.1 Example of riparian canal site in Frampton-on-Severn, Gloucestershire, UK. Including a tree line 






2.3.2 Experimental set-up 
I placed the radar unit on a table, with the antenna at 1 m height, in the fixed 
position (rather than rotating) and set it to emit a pulse length of 0.3 µs (repetition 
rate 1200 Hz, peak power 6 kW; beam width: horizontal = 1.9°, vertical = 22.0°), as 
this was the most likely set-up and duty cycle to affect bat activity found by 
Nicholls & Racey (2009). I placed two ultrasonic speakers on chairs at ~0.5 m height 
and angled them in the same direction as the radar beam towards the middle of 
the treatment area. Speakers were the same units as used at a wind energy facility 
in North America (Arnett et al. 2013) and in churches in the UK (Zeale et al. 2014; 
Packman et al. 2015; Zeale et al. 2016) and had 16 transducers capable of emitting 
continuous broadband ultrasound at 20-100 kHz, with a frequency of most energy 
of 50 kHz (Senscomp, Michigan, USA; source level at 1 m 110 dB SPL min at 50 kHz; 
85 dB SPL at 20 meters, 20°C, 10% relative humidity and 101.33 kPa (Arnett et al. 
2013); beam angle 15° at -6 dB) (Figure 2.2). The speakers were chosen for testing 
as their frequency of most energy overlapped with the echolocation call 
frequencies of British bat species likely to be present during experiments, 
including Pipistrellus pipistrellus (frequency of most energy 45 kHz), P. pygmaeus 
(55 kHz) and Myotis species (30-50 kHz) (Figure 2.2). 
I used a near-infrared (NIR) security camera (Y-cam HD, Y-cam Inc., Twickenham, 
UK), with NIR illumination (2 LED lamps, Shantou Scene, Shenzhen, China) and a 
laptop computer, placed behind the deterrents to film the ‘treated airspace’ for 1 
hour (Figure 2.3). I recorded bat activity acoustically using an SM2BAT+ bat 
detector with an SMX-US omnidirectional ultrasonic microphone (Wildlife 
Acoustics Inc., Massachusetts, USA; continuous .wav recording; 384 kHz sampling 
rate; SNR 10), placed at the edge of the treatment zone at ~20 m (covering a range 
of ~30 m).  
I recorded temperature every 15 mins using a Watson W-8681-SOLAR weather 
station (Watson Inc., Beijing, China). Experiments were carried out on low wind 




can reduce bat activity. I powered the camera and acoustic deterrents using a low-
noise generator (Honda EU10i, Honda, Tokyo, Japan), placed > 10 m from the 
treatment area, and the radar unit by a Bosch 12 V battery (Robert Bosch Ltd., 
Uxbridge, UK). The generator was running during both control and treatment 
periods. A study with a similar portable generator found no effect of generator 






Figure 2.2 Acoustic deterrent speaker unit output plotted as (A.) a spectrogram and (B.) a power spectrum, and (C.) spectrogram of bat echolocation calls of three species likely to be present 
at experimental sites. Speaker plots calculated from on-axis anechoic chamber recordings using a Sanken CO-100K Super Wide Range Microphone and calibrated using a type 4231 Brüel & Kjær 
calibrator (114 dB SPL at 1 kHz). Power spectrum dB SPL measurements calculated at 1 m and adjusted for spectral sensitivity of microphone and distance (original distance 2.2 m, FFT 128, 
Hamming window, calculated in Avisoft SASLab Pro). Spectrograms of bat echolocation calls include two calls from a sequence identified as (a.) Pipistrellus pipistrellus, (b.) P. pygmaeus and (c.) 





Figure 2.3 Schematic of experiment set-up at riparian sites in an area of river/canal with a bridge, flanked by 
a tree line or hedge on one side. Treated airspace is represented by textured area and equipment set-up 
included (a.) near infrared (NIR) video camera and laptop at 0 m, (b.) radar unit on a table at 0.5 m from the 





2.3.3 Video and acoustic analysis 
I calculated bat activity from NIR footage for each treatment (number of bats 
moving in and out of frame) using Quick Time Player (v7.7.8, Apple Inc, Cupertino, 
USA). I carried out video analysis blind to treatment. Counts of passes were similar 
(< 5% difference) when an independent observer carried out the same analysis for 
five randomly selected sites.  
I identified bat passes manually in Bat Sound (v4.1.4, Pettersson, Uppsala, 
Sweden; FFT size: 1024; FFT window: Hanning) to genus or species level where 
possible using echolocation call characteristics (Russ 2012). Myotis species were 
grouped due to the similar nature of their broadband echolocation calls, but 
Pipistrellus passes (P. pipistrellus and P. pygmaeus) are usually discernible to 
species level (Russ 2012). I also grouped Nyctalus and Eptesicus species passes, 
due to their similar long-range echolocation calls (Jones 1995; Russ 2012). I 
counted the number of passes for each species in a 10 s file and then calculated 
counts for each 10-minute treatment time block (as a sum of all the 10 s file 
counts). I also calculated counts of feeding buzzes for each treatment block. A new 
pass was identified as a sequence of calls > 1 s from the last and feeding buzzes 
are discernible due to their high repetition rate (Fenton 1970; Russ 2012).  
Bat calls at eight sites were more difficult to score due to masking by speaker noise 
(peak frequency threshold of > 40 kHz). For the remaining six sites, calls were 
discernible during ultrasound treatment files, but still less so than in radar and 
control files. I therefore added files containing only the deterrent (recorded at 20 
m from the deterrent) to files recorded during non-ultrasound treatments (radar 
and control treatments) using MATLAB 2016a sum wave files function 
(Mathworks, Natick, USA), to avoid any bias introduced by some files being easier 
to score. I then analysed these composite files along with files from the ultrasound 




2.3.4 Statistical analysis 
I analysed bat pass count data with generalized linear mixed effect models 
(GLMMs), with a negative binomial family and log link function in R (v3.2.2), using 
the lme4 package (v.1.1-13) (Bates et al. 2015). I followed the backwards step-wise 
model selection method to find the most parsimonious, yet best-fit model for the 
data (final model) (Crawley 2007; Bolker et al. 2009). I removed terms sequentially 
from a more complicated model when likelihood ratio tests (LRT) were non-
significant and the difference in second order Akaike information criterion (AICc) 
for the models was < 2. I obtained significant term statistics (presented as χ2, df 
and p value) from LRTs between a model containing a term, and a nested model 
without that term (or the null model).  
I validated final models and checked for overdispersion, zero inflation and 
heteroscedasticity by simulation and reference to residual plots, using the R 
package DHARMa v.0.2.0 (Hartig 2018). I present effect sizes and standard errors 
for final models in a table and post-hoc Tukey contrast test results in the text as z-
statistics and p values obtained using the multcomp package (v1.4-1)(Hothorn et 
al. 2015). Non-significant effect statistics were obtained from an LRT between a 
model containing only that term with the null model. For model selection statistics 
see Supplementary Material Table S2.1. 
2.3.5 Variables and model specification 
I analysed the following response variables using GLMMs: visual bat activity (NIR 
video), acoustic bat activity (including Pipistrellus pipistrellus, P. pygmaeus and 
Myotis species) and bat feeding buzzes for all species. I included the fixed effects 
deterrent treatment (with levels: radar, ultrasound, radar and ultrasound, control), 
treatment block order (levels: A-D) and temperature (°C) in full models for the 
video data. However, temperature data were missing at one site, due to 
equipment failure and were substituted for the mean of all sites (< 10% of data). 
Full models for acoustic data were the same but did not contain temperature data, 




I retained the random effects of site (N = 14 for NIR data, N = 6 for acoustic data) 
and treatment block (nested in site, N = 4) in final models to control for the 
repeated measures design and to prevent pseudoreplication. 
2.4 Results  
2.4.1 Near-infrared video passes  
I recorded a total of 3,668 bat passes from 14 hours of near infrared (NIR) video 
footage and a mean (± SD) bat pass count of 489.07 ± 253.04 per site. Bat activity 
(NIR video passes) was significantly reduced when an ultrasonic deterrent was 
deployed, but radar had no significant effect (Table 2.1; Figure 2.4a; Table S2.1). 
Post-hoc Tukey contrast tests showed there was a significant reduction in bat 
activity, per unit time, when the ultrasonic deterrent was deployed compared to 
the control period and to radar alone (81% and 84% reduction respectively) 
(ultrasound-control: z = -4.63, p < 0.001; ultrasound-radar: z = -4.89, p < 0.001).  
Counts of bat passes were also significantly reduced (by 78% and 82%) when 
ultrasound and radar were deployed together, compared to the control, and to 
radar respectively (Tukey contrasts: ultrasound & radar-control: z = -4.30, p < 
0.001; ultrasound & radar-radar: z = -4.56, p < 0.001). Tukey contrasts showed 
there was no difference between ultrasound treatments and there was no 
reduction in bat activity when radar was compared to the control (ultrasound & 
radar-ultrasound: z = -1.46, p = 0.46; radar-control z = 0.28, p = 0.99). 
2.4.2 Acoustic passes 
A total of 3,073 acoustic bat passes were identified at six sites and a mean of 
512.17 (±287.79) per site. Passes included 1,518 Pipistrellus pygmaeus, 618 P. 
pipsitrellus and 388 Myotis species passes and 514 feeding buzzes from all species 
(representing 49, 20, 13 and 17% of passes). Rhinolophus hipposideros, unknown 
Pipistrellus species, Eptesicus serotinus and Nyctalus species made up the 




P. pipistrellus passes were significantly reduced by 52% and 79% respectively 
during ultrasound treatments (compared to control) and deterrent treatment was 
significant when data were analysed with a GLMM (but there was no effect of time 
block order) (Figure 2.4; Table 2.1; Table S2.1). There was also a 39% and 72% 
reduction in P. pipistrellus passes during the ultrasound only, and ultrasound and 
radar treatments respectively, when compared to the radar only treatment. 
However, only ultrasound and radar treatments were significantly different in 
Tukey tests (Table 2.1; Figure 2.4; Tukey contrasts: ultrasound & radar-control: z = 
-3.75, p < 0.01; ultrasound & radar-radar: z = -2.61, p < 0.05; ultrasound-control: z 
= -2.34, p = 0.09; ultrasound-radar: z = -1.17, p = 0.65; radar-control: z = -1.18, p = 
0.64, ultrasound & radar-ultrasound: z = -1.46, p = 0.46).  
I recorded a 61% and 40% reduction in P. pygmaeus activity compared to the 
control, and a 56% and 33% reduction compared to radar, when ultrasound was 
deployed alone and combined with radar (Figure 2.4c). However, the null model 
was the most parsimonious when P. pygmaeus data were analysed using a GLMM 
and deterrent treatment was marginally non-significant in LRT tests (Table 2.1; 
Table S2.1). Despite this, ultrasound and radar were significantly different in Tukey 
contrast tests (ultrasound-radar: z = -2.63, p < 0.05; ultrasound-control: z = -2.01, 
p = 0.93; ultrasound & radar-control: z = -1.44, p = 0.47; ultrasound & radar-radar: 
z = -2.05, p = 0.17; radar-control: z = 0.61, p = 0.93; ultrasound & radar-ultrasound: 
z = 0.56, p = 0.94).  
Myotis species activity was not significantly affected by any of the deterrent 
treatments, with similar numbers of passes recorded for all treatments (Figure 
2.4d; Table 2.1; Table S2.1). Bat feeding activity was significantly reduced (by 79% 
and 69%) during the ultrasound treatment, compared to the control and radar 
treatments and by 48% during ultrasound and radar treatment when compared to 
the control (Figure 2.4e; Table 2.1; Table S2.1). However, bat activity was higher 
(25% increase) in ultrasound and radar treatments when compared to radar, 
although no significant effect of the ultrasound and radar treatment, or radar was 




ultrasound-radar: z = -2.65, p < 0.05; ultrasound & radar-control: z = -1.87, p = 
0.24; ultrasound & radar-radar: z = -0.92, p = 0.79; radar-control: z = -0.96, p = 




Table 2.1 Final model estimates and SE from negative binomial GLMMs (log link), for counts of passes from 
near infrared (NIR) video, echolocation calls from Pipistrellus pipistrellus, P. pygmaeus and Myotis species 
passes and feeding buzzes of all species. Likelihood ratio test (LRT) statistics (including p values) are presented 
for significant and non-significant terms. Variance, standard deviation and percentage of total variance 
presented for random effects. Model selection statistics are presented in Table S2.1. 
Model Model terms Estimates SE χ2 df p 
NIR video (Intercept) 3.32 0.28    
 Deterrent treatment   29.92 3 < 0.001 
  Radar 0.09 0.31    
  Ultrasound -1.51 0.33    
  Ultrasound & radar -1.39 0.32    
 Time block     0.69 3 0.88 
 Temperature   1.53 1 0.22 
 Deterrent treatment * temperature   3.63 3 0.3 
 Random effects Variance SD % total   
 Block (within site) (N = 4) 0.62 0.79 59.12   
  Site (N = 14) 0.43 0.65 40.88   
P. pipistrellus (Intercept) 3.62 0.36    
 Deterrent treatment   11.72 3 < 0.01 
  Radar -0.52 0.44    
  Ultrasound -1.06 0.45    
  Ultrasound & radar -1.76 0.47    
 Time block     0.04 1 0.84 
 Random effects Variance SD % total   
 Block (nested within site) (N = 4) 0.55 0.74 74.45   
  Site (N = 6)  0.19 0.43 25.55   
Feeding buzzes (Intercept) 3.04 0.46    
 Deterrent treatment   10.8 3 < 0.01 
  Radar -0.36 0.38    
  Ultrasound -1.45 0.41    
  Ultrasound & radar -0.72 0.39    
 Time block     2.05 3 0.56 
 Random effects Variance SD % total   
 Block (nested within site) (N = 4) 0.35 0.59 29.2   
  Site (N = 6)  0.84 0.92 70.8   
P. pygmaeus Deterrent treatment    7.36 3 0.06 
 Time block     <0.01 1 0.95 
 Random effects  Variance SD % total   
 Block (nested within site) (N = 4) 0.84 0.92 64.12   
  Site (N = 6)  0.47 0.69 35.88   
Myotis spp. Deterrent treatment   2.68 3 0.44 
 Time block     3.78 3 0.29 
 Random effects Variance SD % total   
 Block (nested within site) (N = 4) 1.22 1.1 59.22   






Figure 2.4 Bat activity (mean number of passes) during four treatments of ultrasound (U), radar (R), 
ultrasound and radar (U+R) and a control (C), including (a) counts of bat passes recorded on near-infrared 
(NIR) video footage and acoustic bat passes identified as (b) Pipistrellus pipistrellus, (c) P. pygmaeus, (d) Myotis 
spp. and (e) feeding buzzes of all species. Including SE error bars and p values from post-hoc Tukey 
comparisons, presented as significance stars and associated label of treatment comparison (* = p < 0.05, ** = 





2.5 Discussion  
In this chapter, I have shown that contrary to my predictions and to previous 
research, radar was ineffective as a deterrent for bats at foraging sites, but 
acoustic methods showed promise. Previous work suggested that bat activity was 
reduced by radar deployment over 10-30 m (Nicholls & Racey 2009). However, I 
could not confirm this deterrent effect, using video or acoustic data, despite 
recording over the same range of up to 30 m. The radar beam area projected by 
the unit used in both my study and the previous work in Scotland was highly 
directional. The horizontal and vertical beam angle of 1.9° and 22°, respectively, 
would result in a treated airspace of ~0.7-1 m wide and 8-12 m tall (at ~20-30 m 
from the deterrents). In comparison, the 15° beam angle of the speakers would 
have resulted in a ~5-8 m treated airspace both horizontally and vertically. 
Therefore, bats may have only encountered the radar beam briefly at the centre 
of treatment area, when flying through it, possibly limiting any potential for 
deterrence, if any exists. However, the speakers were positioned with the same 
line of site of the radar beam, with one speaker either side of the centre of the 
antenna (Figure 2.3) and so were likely to have covered the same treatment area 
vertically. Despite this and the fact that the radar unit and methodology were very 
similar, it is unclear why the results of this chapter did not corroborate the findings 
from the Scottish study (Nicholls & Racey 2009). 
Bats are known to avoid ambient and broadcast noise and this chapter supports 
previous research in this area (Mackey & Barclay 1989; Schaub et al. 2008; Arnett 
et al. 2013; Bunkley et al. 2015; Zeale et al. 2016). However, this study is the first 
to show a reduction in bat activity at foraging sites in the UK using broadcast 
ultrasound. I recorded a clear effect of ultrasound on bat activity with an ~80% 
reduction seen in the video footage data (when compared to control and radar 
treatments). However, the acoustic data do not show such a clear trend, possibly 
due to unavoidable noise in the data from bat echolocation calls being recorded 
outside the range of the deterrent and small sample sizes. It was also not possible 




and often more than one species in each file. Despite this, ultrasound treatments 
had the lowest mean number of bat passes recorded for all datasets, excluding 
Myotis species (Figure 2.4). I also found an effect of the ultrasound and radar 
treatment (when compared to control and radar only) and the ultrasound only 
treatment (when compared to radar) on Pipistrellus pipistrellus and P. pygmaeus 
activity respectively. There was also an effect of ultrasound only on feeding activity 
of all species.  
Myotis species were not significantly affected by any deterrent treatment. Due to 
the nature of the riparian sites, the Myotis species bats recorded were likely to be 
Myotis daubentonii, which feed directing their ultrasound towards the water 
(Siemers et al. 2001). As high frequency sounds can be highly directional, it is likely 
that there was a stronger effect of the deterrent above the water, compared to at 
the water’s surface where M. daubentonii was feeding. The Myotis bats may have 
also been moved along the water during ultrasound treatments, away from the 
speakers, to nearer where I had placed the bat detector at the edge of the treated 
airspace, resulting in more passes recorded during ultrasound treatments. As 
Pipistrellus species are not limited to feeding over water, they may have dispersed 
in different directions when the sound was broadcast, rather than in the direction 
of the microphone. A previous study using the same deterrent speakers found that 
Myotis nattereri were deterred from specific roosting areas in churches in Norfolk, 
UK, with no habituation effect found after 15 days (Zeale et al. 2016). I also found 
a significant effect of the acoustic deterrent on Myotis species (likely M. 
daubentonii) in Chapter 4 of this thesis. Therefore, a deterrent effect of ultrasound 
can not be ruled out for Myotis daubentonii, without a follow-up exploration of 
acoustic deterrents focussed on this species (e.g. with speakers pointing at the 
water’s surface).  
My findings demonstrate that ultrasonic speakers show promise for use as bat 
deterrents at foraging sites in the UK and Europe. I therefore recommend that 
these methods be considered as a way of reducing bat activity, as part of 




on bat populations. For example, these methods could be used at wind turbines 
to reduce bat fatalities, similar to what has been done in North America (Arnett et 
al. 2013); for diversion of bats away from roads, which are a direct threat to bats 
from collision (Altringham & Kerth 2016); or as mitigation for conservation 
conflicts arising from bats roosting in buildings. In the rest of this thesis, I therefore 
focus on the mechanisms underpinning acoustic deterrence and the distance over 





Table S2.1 Model selection statistics for near infrared (NIR) video pass count and 




Table S2.1 Model selection statistics for final models for bat pass data, including models with negative binomial and Poisson error structure. Including near-infrared (NIR) video and acoustic 
activity of Pipistrellus pipistrellus, P. pygmaeus, Myotis spp. and feeding buzzes. Models arranged by AICc weight (AICc Wt) and include number of model parameters (K). Final model in bold. 
Response variable Model K AICc ΔAICc AICc Wt Cum. Wt 
NIR video Deterrent treatment 7 466.95 0.00 0.68 0.68 
 Deterrent treatment + temperature 8 469.03 2.10 0.24 0.92 
 Deterrent treatment + block 10 471.86 4.90 0.06 0.98 
 Deterrent treatment + temperature + block 11 474.37 7.40 0.02 1.00 
 Deterrent treatment * temperature + block 14 480.99 14.00 0.00 1.00 
 Null model 4 489.32 22.40 0.00 1.00 
 Temperature 5 490.21 23.30 0.00 1.00 
  Time block 7 496.18 29.20 0.00 1.00 
P. pipistrellus Deterrent treatment 7 217.47 0.00 0.53 0.53 
 null 4 218.30 0.80 0.35 0.88 
 Time block 5 221.48 4.00 0.07 0.95 
  Deterrent treatment + block 8 222.04 4.60 0.05 1.00 
P. pygmaeus null 4 256.20 0.00 0.84 0.84 
 Deterrent treatment 7 259.74 3.50 0.14 0.98 
 Time block 7 263.62 7.40 0.02 1.00 
  Deterrent treatment + block 10 274.30 18.10 0.00 1.00 
Myotis spp. null 4 183.44 0.00 0.96 0.96 
 Time block 7 190.56 7.10 0.03 0.99 
 Deterrent treatment 7 191.66 8.20 0.02 1.01 
  Deterrent treatment + block 10 202.70 19.30 0.00 1.01 
Feeding buzzes null 4 200.80 0.00 0.51 0.51 
 Deterrent treatment 7 200.90 0.10 0.48 0.99 
 Block 7 209.64 8.80 0.01 1.00 





Distance-dependent responses to an acoustic 
deterrent by bats, studied using thermal bat 






All writing, data collection, method development, statistical analysis and 
calculations were carried out by L.R.V Gilmour, with additional contributions 
outlined below: 
All original MATLAB scripts were written by M.W. Holderied and developed further 
and finalised by L.R.V Gilmour with help from M.W. Holderied.  
L.R.V Gilmour and G. Jones provided a supervisory role in experimental design and 
data collection for the larger scale distance study. Data were collected by C. Wevill 
(The Ecology Consultancy) and P. Shepherd (BSG), along with a team of 
subcontractors from their respective companies. All statistics on data collected for 
this study were carried out by L.R.V. Gilmour. 
Anechoic chamber recordings of deterrent output were made by L.R.V. Gilmour 
and M.R.K. Zeale. All predictions and figures made using recorded files were made 
using calculations by L.R.V. Gilmour.   
G. Jones and M.W. Holderied provided a supervisory role for the work in this 
chapter, including providing comments and feedback on experimental design, 





Acoustic deterrents have shown potential as a mitigation measure for bats in the 
other chapters of this thesis, at wind farms in North America and in churches in 
the UK. However, it is important to understand the range over which these 
deterrent speakers work and quantify how effective they are at reducing bat 
activity at different distances. To do this, it is important to understand two factors 
affecting deterrence at different distances: how the deterrent sound is likely to 
propagate in situ at foraging sites and if bats are able to hear and respond to the 
broadcast sound. I therefore compared bat responses to an acoustic deterrent at 
different distances in two studies, carried out at different scales. In the fine-scale 
riparian study (15-30 m from the deterrent), I used thermal bat tracking methods 
developed especially for this thesis and collected acoustic data to gain species 
information. For the larger scale (0-120 m) distance study, I analysed data 
collected using thermal imaging and acoustic methods along linear features (non-
riparian). I also modelled how the deterrent sound was likely to propagate up to 
100 m, using recordings made in an anechoic chamber and in the field. Bats were 
deterred up to ~30-40 m, but after 40 m there was no deterrent effect. Bat activity 
was reduced by 50-60% at up to 20 m in both studies. The deterrent effect was 
stronger nearer the speakers, with an 80% reduction in bat activity at 15 m, where 
sound pressure levels were likely to be relatively high (~50 dB at 50 kHz). Species 
present were unlikely to hear the deterrent beyond 40 m as frequencies of around 
50 kHz were likely to be below bat hearing threshold levels of 20-30 dB. The most 
abundant species present and deterred at up ~20-30 m in the larger scale study 
were Pipistrellus pipistrellus and Myotis species, and P. pygmaeus in the fine-scale 
experiment. P. pygmaeus passes and feeding buzzes were reduced by 23 and 35% 
respectively, in the fine-scale experiment. In conclusion, I recommend that 
acoustic deterrents are evaluated for use on a case-by-case basis, taking into 





In Chapter 2 of this thesis, I conclude that acoustic deterrence shows potential as 
a mitigation measure for use in areas where bats forage but may be at risk from 
human development and activities. For any mitigation to be successful, it is 
important to understand firstly whether it works, but also the range over which it 
is effective and if the target animal is likely to respond within a given distance. 
Arnett et al. (2013) suggested that ultrasound broadcast by acoustic deterrents at 
a North American wind facility (using the same speakers as used in this thesis) was 
unlikely to be at a high enough amplitude to deter bats all the way from the nacelle 
to the edge of the rotor-swept zone (~40 m). However, acoustic deterrence still 
reduced bat fatalities of some species by up to 50-60% at wind farm sites, when 
corrected for field biases and inherent turbine differences (Arnett et al. 2013). 
How effective an acoustic bat deterrent is likely to be in the field is dependent on 
two factors: how the deterrent sound propagates through the specific 
environment it is placed in, and how the bat species present experience that sound 
and respond to it.      
High frequency sound (ultrasound, frequencies > 20 kHz) is subject to relatively 
rapid attenuation in air and can be increasingly directional, depending on the 
frequency of the sound and the specification of the sound-emitting device (Griffin 
1971; Lawrence & Simmons 1982). Ultrasound is also affected by frequency-
dependent atmospheric absorption (Bazley 1976) and weather conditions such as 
temperature and humidity can significantly affect how far it spreads through the 
environment (Goerlitz 2018). Atmospheric attenuation of sound in air is 
dependent on four factors which all interact in a non-linear way on the resultant 
sound, including the frequency of the sound and the ambient temperature, 
humidity and air pressure, with higher frequency sounds affected relatively more 
than lower frequencies (Goerlitz 2018).  
How sound propagates in the environment is also affected by the topography of 




(e.g. water) and movement in the air (i.e. wind) can all influence the soundscape. 
For example, echoes from ripples in water (Rydell et al. 1999) and vegetation such 
as trees and shrubs can increase acoustic clutter (Schnitzler et al. 2003) and 
attenuation of high frequency sound is likely to be greater in higher wind speeds 
(Wiley & Richards 1978; Gillam et al. 2009).  
Bats have evolved in acoustically intense and complex environments to be able to 
discern relatively quiet echoes from their own calls, amongst high amplitude calls 
of conspecifics and other sources of ultrasound such as noise made for example 
by insects or turbulent water (Griffin et al. 1963; Mackey & Barclay 1989; Gillam & 
McCracken 2007; Gillam et al. 2010; Bunkley et al. 2015; Corcoran & Moss 2017). 
Bats are therefore dynamic in their use of sound and will alter the spectral and 
temporal characteristics of their echolocation calls in response to topography of a 
site, the presence of other bats and to weather conditions such as temperature 
and humidity (Fawcett & Ratcliffe 2015; Chaverri & Quiros 2017; Corcoran & Moss 
2017).  
How a bat responds to a deterrent sound over distance may be in part due to its 
hearing threshold. Hearing thresholds are measured on the dB scale and the 
human threshold for hearing is usually given as 0 dB (Zwicker & Fastl 1990). 
However, bats tend to have more sensitive hearing than humans and therefore 
can have negative hearing thresholds at some frequencies. Typically, thresholds of 
bats range from about 20-30 dB SPL, but may be 0 dB SPL or below and this also 
might depend on frequency (Simmons et al. 2016; Goerlitz 2018; Lewanzik & 
Goerlitz 2018). Thresholds are also unlikely to be fixed and can range not only 
between species, but also between individuals and from day-to-day for an 
individual bat by up to 6 dB SPL (Simmons et al. 2016). Bats avoid areas of ambient 
ultrasound when foraging (Mackey & Barclay 1989; Bunkley & Barber 2015; 
Bunkley et al. 2015) and this may be due to masking of their echolocation calls or 
just avoidance of an aversive stimulus (Griffin et al. 1963; Schaub et al. 2008; 
Bunkley & Barber 2015; Bunkley et al. 2015; Luo et al. 2015; Gomes et al. 2016). 




in response to short periods of broadband high frequency noise (Simmons et al. 
2016). Therefore, to determine the range a device such as an acoustic deterrent is 
likely to work over, it is important to understand both how the sound emitted 
might propagate in the environment, but also how foraging bats respond in situ at 
different distances.          
Recent developments in computer vision systems and tracking algorithms have 
allowed researchers to gain detailed insights into animal movement and 
behaviour, not previously attainable with standard counting and monitoring 
methods (Dell et al. 2014). Based on methods of background subtraction (where 
one frame is subtracted from the previous frame), algorithms have been 
developed that can pick up movement between frames and track an object in real 
time, or in pre-recorded footage. Tracking is even possible with multiple 
individuals moving in the same space and has been used to study collective animal 
movement, behaviour and interactions (Viscido et al. 2004; Betke et al. 2008; 
Attanasi et al. 2014; Betke et al. 2017).  
To date, most literature has focussed on tracking animals during the day with 
conventional filming techniques or in lit up areas (Viscido et al. 2004; Holderied et 
al. 2005; Polak et al. 2011; Dell et al. 2014). Spending most of their time flying in 
darker conditions, bats are harder to film and track using these methods. Recent 
development of thermal imagining technology has allowed it to be more 
affordable and therefore accessible for bat research (Hristov et al. 2008; Betke et 
al. 2017). Tracking bats using thermal imaging footage therefore allows us to gain 
a unique insight into how bats behave, interact and respond to certain stimuli 
whilst flying in their natural environment (Betke et al. 2008; Hristov et al. 2008; 
Yang et al. 2013; Betke et al. 2017).  
For this chapter, I have developed a thermal tracking system for bats that can be 
used on footage recorded in areas where bats forage and carry out their normal 
behaviour. Therefore, in this Chapter, I aim to use thermal bat tracking and 




collected at a larger scale to determine how bat activity changes at different 
distances from an acoustic deterrent in riparian foraging sites. I predict i) that bat 
activity will decrease as distance from the deterrent increases and ii) that whether 
the deterrent is effective or not, will be dependent on whether bats are likely to 
hear the deterrent sound at different distances.          
3.3 Methods 
For this chapter, I compare bat responses to an acoustic deterrent at two different 
scales. I carried out a fine-scale distance study at 15-30 m, with a 1 m distance 
band resolution, using a thermal bat tracking method developed especially for this 
thesis. I also extracted and analysed data collected for a larger scale study (see 
beginning of chapter for contributions) carried out at 0-120 m, with 20 m distance 
band resolution and used bat pass data collected using thermal imaging and 
acoustic methods. To determine whether bats were likely to hear the acoustic 
deterrent at different distances, I also modelled sound propagation of the speaker 
output covering most of the range of the two studies (0-100 m). 
3.3.1 Fine-scale distance study 
In this chapter, I explain the development of a 2-dimensional (2D) thermal tracking 
system for bats. This system forms the basis for Chapter 4, where I develop these 
methods further into a stereo thermal videogrammetry system for 3D tracking of 
bat flight paths in response to an acoustic deterrent.  
3.3.1.1 Camera synchronisation and recording 
Accurate two-camera synchronisation is an essential pre-requisite for multi-
camera 2D imaging and stereo imaging, as significant frame delays by either 
camera can cause discrepancies in combined field of view (FOV) and/or 
triangulation errors (Betke et al. 2017). I therefore performed synchronisation 
trials with two Optris PI640 thermal imaging cameras (640x480 pixel resolution, 
33° lenses; Optris GmbH, Germany), prior to purchase and established that 




synchronization throughout the experiment period, I set the cameras to be re-
synchronised every 30 s using a process interface (PIF) cable that supplied a digital 
input from one camera acting as a ‘master’ to the ‘slave’ camera. During this re-
synchronization period, frames on both cameras would freeze for 3 s. I therefore 
made sure cameras were synchronized in the same way for both control and 
treatment periods. Although some data were lost (6 s per min), this freeze was 
unavoidable to ensure adequate synchronisation between cameras was 
maintained throughout the experiments.  
Software demands on the processing system of the computer, large file sizes of 
uncompressed video (up to 133 GB) and high demand on data transfer rates 
through USB all affected synchronisation and overall performance of the system. 
Normally, the multiple camera system supplied by the manufacturers is used in an 
indoor industry scenario (such as car manufacture), with high-spec desktop 
computers with multiple external hard drives, designed to cope with the high 
demands and large file sizes produced when recording uncompressed video. 
Therefore, in using this software for this task, I was pushing the boundaries of the 
system and it was important to carry out field and lab-based trials to refine the 
set-up. After trialling several laptop/camera systems, I bought a high specification 
Dell XPS 15 laptop, with a separate graphics card and solid-state drive (6th Gen. 
Intel Core i7-6700HQ, 32GB RAM, 1 TB SSD, NVIDIA® GeForce® GTX 960M graphics 
card, Dell, Texas, USA). The laptop was used in conjunction with specialist camera 
software Optris PI Connect (Optris GmbH, Germany), offline and with antivirus 
software disabled. I recorded a merged FOV of both cameras in .avi uncompressed 
video format (with radiometric functionality turned off), at the maximum frame 





Figure 3.1 Thermal image example of a merged field of view from two thermal imaging cameras at a riparian 
site in Herefordshire, UK. Image includes the thermal signature of a person at a river bank flanked by trees on 
one side and a field on the other. 
3.3.1.2 Site selection and experimental procedure 
I collected data in 2017 at three linear riparian sites all situated along the Teme 
valley (> 1 km apart, to reduce the likelihood of recording the same individual 
bats), around the border of England (Herefordshire/Shropshire) and mid-Wales 
(Powys), over three repeat nights, totalling nine experiment hours. Sites were 
selected from those previously visited in Chapter 2, due to high levels of bat 
activity and specific topography, including a river, flanked by a grassy bank on one 
side and by a hedge or tree line on the other (Figure 3.2).  
I attached two acoustic deterrent speakers (Deaton engineering Inc., Texas, USA; 
see section 3.3.3 below for further speaker info) to stepladders at a height of ~1.6 
m, and placed them 15 m from the edge of the treatment zone (Figure 3.3). The 
treatment zone included 15 m of riparian habitat, an area 15-30 m from the 
deterrents. I attached thermal markers (re-usable hand warmers) to stakes placed 
at 15, 20, 25 and 30 m locations and visualised the treatment area with the two 
synchronised thermal imaging cameras (placed along the same plane, 1 m apart 
and 15 m from the treatment area).  
I used a low-noise generator (Honda EU10i, Honda, Tokyo, Japan), to power all 
equipment, which I placed at least 10 m away from the treatment area. Generator 
noise was unlikely to have an effect on bat activity, as a study that used a similar 
model found no difference between silent controls and those with the generator 




sunset (depending on ambient light levels and bat activity). A silent control period 
of 10 mins where no sound was played (but the generator was running), was 
followed by 10 mins of deterrent playback and this was repeated totalling 1 hour 
of filming time per night. Bat activity at these sites tended to peak around an hour 
to 2 hours after sunset and to capture this window of activity, I monitored bat 
activity and started the experiment when activity was increasing, and bats started 
to forage (about 2-3 passes a minute). In order to monitor levels of activity, I kept 
treatment block order the same each night, starting with a silent control period. 
Therefore, to control for the effect of time of night on bat activity, I included time 
block order as a fixed effect in statistical analysis (see Statistical Methods 3.3.1.6).  
I recorded acoustic bat activity using an SM2BAT+ detector and SMX-US 
microphone (Wildlife Acoustics Inc., Massachusetts, USA; continuous .wav 
recording; 384 kHz sampling rate; SNR 10) placed by the bridge at each site (~30-
40 m from the deterrent), angled towards the treatment area. I recorded 
temperature and humidity over the experiment hour using a Watson W-8681-





Figure 3.2 Photographs of three riparian sites used in experiments, located on the border of mid-Wales and 
England. All sites included a stretch of still water and a bridge, flanked by hedges and/or tree lines. Photo 





Figure 3.3 Photographs of experiment set-up at a riparian site: (a.) dual camera set-up, including red arrow 
indicating positioning of 15 m thermal marker at beginning of FOV and treatment area, (b.) example of 
speaker positioning in situ, (c) speakers positioned on ladders and (c) close-up of hand warmer used as 
thermal marker attached to stake on site. Photo credits L.R.V. Gilmour and S.R. Vincent. 
3.3.1.3 Development of the thermal tracking system 
I extracted bat trajectory data from recorded .avi files using a bespoke MATLAB 
script, written by M.W. Holderied (developed further by M.W. Holderied and 
L.R.V. Gilmour). The script was developed to allow plotting of individual bat 
localisations that are then sorted into trajectories using defined temporal and 
spatial parameters. The process involved reading in the video, converting frames 
to grey scale and defining a pixel threshold (threshold of pixel colour scale value) 
and maximum area of localisation points (in pixels). Bat localisations in each frame 
were then plotted using background subtraction, a method often used to detect 
movement in computer vision systems (Dell et al. 2014). The method works by 




(within the maximum area) are plotted. Localisations were then sorted into 
trajectories using the following specified parameters: maximum change in 
localisation area in pixels per frame, maximum gap in number of frames between 
localisation points making up a trajectory, maximum distance between 
localisations (in pixels) and the minimum number of localisations to count as a 
trajectory. A spreadsheet in Microsoft Excel containing x and y coordinates, pixel 
area, frame number and trajectory allocation for each bat localisation was then 
produced for all frames. A plot of all trajectories was also produced by the script 
which allows detection of any errors in data extraction and refinement of 
parameters (Figure 3.4).  
 
Figure 3.4 Example MATLAB figure of all trajectories plotted from all localisations identified in 30 s of thermal 
video footage, recorded during a silent control period. Two camera frames were merged to produce one 
combined FOV of 1290 x 480. Localisations bigger than a max area of 30 pixels and shorter than 6 localisations 
in length are plotted as black dots and are not incorporated into any trajectory. 
3.3.1.4 Bat trajectory data extraction  
I cut up uncompressed .avi files recorded on site into shorter 5 min sequences 
using VirtualDub (v. 1.10.4, Free Software Foundation, Inc, Cambridge, MA, USA). 
Due to uncompressed video sizes and the high levels of bat activity at the sites, 
longer files took a much longer time to read in and integrate and would often 
cause MATLAB to crash. Extracted trajectory files for videos any longer than 5 mins 
were also often too busy (in terms of bat activity) to carry out quality checks and 




I carried out trials with short sections of video to select a pixel threshold for each 
night and used that same value for data extraction from all 5-min time blocks from 
that night. Setting the pixel threshold too high could mean some bat localisations 
are missed and too low a threshold may introduce noise into the data as well as 
potentially picking up large insects such as moths, which have a cooler thermal 
signature than bats. I set a max cut-off area of 30 pixels per bat localisation, based 
on the biggest UK bats’ wingspan being ~400 mm and the minimum pixel length in 
the treatment area 15 m from cameras being 13.6 mm (calculated using Optris 
calculator: www.optris.global/optics-calculator). I set a max change in localisation 
area of 15 pixels per frame, a max gap of 15 frames between localisations in a 
trajectory, a maximum distance between localisations as 30 pixels and the 
minimum length of a trajectory as containing 6 localisations.     
I extracted trajectory coordinate data from the second 5 mins of each 10 min time 
block (e.g. from 5 to 10 mins in the first block, 15 to 20 mins in the second etc.). 
Using alternate 5 min periods for each 10 mins of treatment or control, reduced 
the possibility of overspill effects from the deterrent in subsequent blocks, which 
could bias the trajectory distance data extracted. I then allocated each trajectory 
to a 1 m distance band (15-30 m), by filtering using defined pixel coordinates 
calculated by dividing the length of x in pixels (1290) by the distance in m (15 m) 
(each 1 m contained 86 pixels). I then calculated a count of the number of 
trajectories per distance for each 5 min time block and used this for statistical 
analysis.    
3.3.1.5 Acoustic data extraction 
I extracted 10 s files from SM2 BAT+ recordings for each 10-minute treatment 
period. I analysed the second 5 mins of acoustic bat call data (30 10 s files) from 
each 10 min time block (in the same way as the video footage data). In each 10 s 
file, I identified bat passes/feeding buzzes to genus or species level where possible 
using the same method as in Chapter 2.3.3. I then summed counts of 




10-minute time block. I used a MATLAB script to add the deterrent noise at the 
level recorded during noise playback to silent control files (using the same method 
as in Chapter 2.3.3), to avoid bias introduced by control files being easier to 
analyse. On one night, there was a microphone malfunction and acoustic data for 
some time blocks were not recorded or only partially recorded. Therefore, I only 
included data for 25-30 and 35-40 mins for that night to keep the number of 
treatment and control blocks equal.  
3.3.1.6 Statistical analysis 
I analysed trajectory count data using the lme4 package in R (Bates et al. 2015). I 
used Akaike second order information criterion (AICc) and likelihood ratio tests 
(LRTs) to compare generalised linear mixed effect models (GLMMs) with a 
negative binomial or Poisson distribution to find the most parsimonious yet best 
fit model for the data. Full models included the fixed effects of deterrent treatment 
(levels: deterrent/control), time block order (A-D), distance (to the nearest m) and 
an interaction term between deterrent treatment and distance. I included the 
random effects of site, night and time block in all models (nesting structure 
site/night/time block). Data are presented in tables and include estimates and SE 
for final models and LRT statistics for significant and non-significant fixed effect 
terms.  
I analysed acoustic data using the same methods as above, but without the fixed 
effects of distance and the interaction term. Response variables included 
Pipistrellus pygmaeus, P. pipistrellus, Myotis species pass counts and P. pygmaeus 
and Myotis species feeding buzzes and P. pygmaeus social calls. There were not 
enough data to model for any other species’ pass, feeding buzz or social call counts 




3.3.2 Larger-scale distance study 
3.3.2.1 Site selection and experimental design 
I provided an advisory role (along with G. Jones) in experimental design and data 
collection at four sites in 2016 and three sites in 2017 for this study. Sites were 
selected that contained linear features (tree lines and/or hedges) next to an arable 
field and were situated in the Radstone area of Northamptonshire.  
Two acoustic deterrent speakers were placed at the top of stepladders adjacent 
to one another at 2 m above the ground and 2 m from the linear feature (Figure 
3.5). Near infrared (NIR) cameras (Canon HD XA10, Canon, Japan) were placed 
behind the deterrents (at -10 m) and in front of the deterrents (at 10 m, 50 m and 
100 m), with their fields of view (FOVs) parallel to the linear feature and along ‘line 
of sight’ of the deterrent speakers (Figure 3.6). A FLIR T650 thermal imaging 
camera (640x480 pixel resolution; 30 Hz frame rate; FLIR Systems, Wilsonville, 
Oregon, USA) was also set to record at -10 m in the same way as the NIR cameras, 
with the ability to visualise up to 100 m, depending on conditions and topography 
of the site. Two field assistants were located with each NIR camera (apart from at 
-10 m where one was situated with the thermal imaging camera and one with the 
NIR camera) and Batlogger M bat detectors (Elekon, Luzern, Switzerland) were 
also set to record bat calls automatically at each of these locations (full spectrum 
.wav recording at sampling rate of 384 kHz). Bat passes and distance from the 
deterrent were noted by field assistants when viewed on camera screens and data 
were checked later by comparing timings with acoustic data recorded on bat 
detectors and thermal imaging footage.  
Bat passes were identified to species level or genus level where possible from 
acoustic data, with Myotis species being grouped due to the similar nature of their 
echolocation calls (Russ 2012). Experiment nights included two hours per night 
where the acoustic deterrent speakers were deployed for 20 mins, alternated with 
a silent control also of 20 mins. Sites were repeated for four-six nights, depending 




To control for time of night effects on bat activity, control and treatment blocks 
were alternated as the first block on different repeat nights and time was included 
as a fixed effect in models (see Statistical analysis below). 
 
Figure 3.5 Example of experiment set-up at one site in Northamptonshire, UK, including photos of (a.) the 
habitat and speaker location, (b.) speaker angles and view along the tree line from behind the cameras to 






Figure 3.6 Schematic of large-scale experimental set-up, at a site with a linear feature (hedge/tree line) next 
to a field: (a.) two deterrent speakers at 0 m, (b.) field assistant with thermal imaging camera at -10 m, (c. to 
f.) stations at -10 m, 10 m, 50 m and 100 m with field assistant(s), near infrared (NIR) cameras and Bat Logger 
M bat detectors. Arrows indicate the direction of the speakers, bat detector microphones and fields of view 
cameras. 
3.3.2.2 Statistical analysis 
I analysed bat pass data using the same method as in the fine-scale distance 
experiments, but specified models for each 20 m distance band (-20 to 120 m) for 
each species group. I also modelled for all distances combined per species group. 
I analysed distance bands of 20 m individually due to low counts of bat passes at 
some distances on some nights. Therefore, splitting the data up and doing 




to model. Distances that had insufficient data were not modelled (< 60 passes in 
total over all 28 nights). Data for individual distance bands were not repeated 
between bands, i.e. data were unique to each band and did not overlap, to 
minimise pseudoreplication.  
Response variables included pass counts for all species combined and counts of 
Pipistrellus species and Myotis species passes. Pipistrellus species were grouped 
for statistical analysis, although due to low numbers of P. pygmaeus and P. 
nathusii passes at these sites, data are likely more representative of P. pipistrellus. 
I included the fixed effects deterrent treatment (levels: deterrent/control) and 
time block order (A-F) and random effects of site repeat (N = 3), site (N = 4), night 
(N = 8), time block (N = 6). Random effects had the nested structure of site 
repeat/site/night/time block. 
3.3.3 Deterrent sound modelling 
I used recorded .wav files of deterrent speaker outputs to model how the emitted 
sound was likely to be transmitted in the field environment. Recordings were 
made by M.R. Zeale and L.R.V Gilmour in an anechoic chamber at the University 
of Bristol in 2014 for a mitigation study on bats roosting in churches (Zeale et al. 
2016). Each speaker was recorded individually, on-axis, at 2.2 m, using a Sanken 
CO-100K Super Wide Range Microphone (Sanken Microphone Co. Ltd., Tokyo, 
Japan; for frequency response see Figure S3.1). I also recorded the same speakers 
in the field simultaneously, on seven nights in 2018, during experiments for 
Chapter 4, using a Pettersson D1000X full spectrum bat detector (Pettersson 
Elektronik, Uppsala, Sweden; recorded by hand in .wav at 384 kHz sampling rate; 
Frequency response in Figure S3.2). Due to speakers being positioned at ~1.6 m, I 
could not make on-axis field recordings. Recordings were therefore made off-axis 
with the D1000X on a stool at 0.4 m and with speaker units on ladders at 1.6-2.0 
m, depending on the topography of the site and at 6-8 m from the bat detector 




I calibrated field recordings in Avisoft SASLab Pro using the calibrate function with 
recordings of an Avisoft Ultrasound Gate calibrator (Avisoft Bioacoustics, 
Glienicke, Germany; 40 kHz pure tone; 70 dB at 0.25 m). I calibrated anechoic 
chamber recordings in the same way but using a recorded Brüel & Kjær calibrator 
(Brüel & Kjær, Nærum, Denmark; Acoustical calibrator type 4231, 114 dB at 1 kHz 
directly on-axis).  
I calculated amplitude (dB SPL) in Avisoft SASLab Pro after calibration, using the 
average power spectrum function (RMS amplitude; FFT size 128, window 
Hamming) (see Figure 2.2 in Chapter 2 for spectrogram and power spectrum). I 
adjusted dB SPL measurements for differing spectral sensitivity of the 
microphones using spectral sensitivity plots obtained from the microphone 
manufacturers (Figure S3.1; Figure S3.2). I calculated source level (SL) for each 
speaker at 1 m from anechoic chamber recordings and both speakers on 
experiment nights at field sites, using adapted spreading loss equations (one way) 
and frequency dependent atmospheric absorption values (dB/m) (Bazley 1976; 
Møhl 1988; Holderied & von Helversen 2003). I used mean temperature and 
humidity data recorded on each night in the field in 2018 for field dB SPL 
calculations at 1 m (values for each night ranged from 13-21°C, 70-95% relative 
humidity at 101.33 kPa) and a mean of all nights’ weather data recorded at field 
sites in 2017 during the fine-scale distance experiments, for anechoic recordings 
(14°C and 90% humidity at 101.33 kPa).  
I used anechoic chamber recordings to calculate predicted frequency-dependent 
attenuation of the speaker output and created a heat map of root mean square 
(RMS) amplitude (dB SPL) of frequencies from 20-100 kHz at 1-100 m (assuming 
14°C and 90% humidity at 101.33 kPa). I used trigonometry to calculate the angle 
from the speaker units to the D1000X microphone on each experiment night and 
the typical beam pattern for each angle from the deterrent speaker specification 
(Figure S3.3), to calculate the dB SPL drop off at those angles for 50 kHz (the 




value to off-axis calculations, to obtain an estimated on-axis dB SPL at 1 m for each 
experiment night.  
Although anechoic chamber recordings were generally greater in accuracy and 
detail than field recordings, it was important to also record the speakers in the 
field to account for any site-specific effects and/or effects of temperature and 
humidity on electrical equipment. I also recorded both speakers individually and 
together powered by both the mains and the same generator used in field 
experiments (see above) to see if there were any significant effects of power 
source on speaker output.  
3.4 Results 
3.4.1 Fine scale distance study (15-30 m) 
3.4.1.1 Bat trajectories 
I extracted 23,364 bat trajectories on nine nights at three sites from nine hours of 
thermal footage, including 7,433 when the deterrent was broadcast and 15,931 
during silent control periods. Trajectories were recorded at all distances from the 
deterrent speaker (15-30 m), with a mean (± SD) trajectory distance of 21.85 ± 
4.37 m.  
There was a 48.62% reduction in bat activity over the whole 15 m when the 
deterrent was broadcast compared to the silent control. There was an increased 
reduction in bat activity between control and treatment periods with decreased 
distance from the deterrent (Figure 3.7). I also recorded a significant interaction 
effect between deterrent treatment and distance when trajectory count data 
were analysed with a GLMM ( 
Table 3.1; see Table S3.1 for model selection statistics). At 15-16 m there was an 
82.13% reduction in bat activity, compared to a 55.76% reduction at 20-21 m, 




were calculated for control and treatment periods. Time block order was also 
significant when included as a fixed effect in the model. 
 
Figure 3.7 Mean of all bat trajectory counts at each distance over all nights and time blocks, when the 
deterrent was broadcast (dark grey bars) and during silent controls (light grey bars), including SE error bars 
and % reduction from the control to deterrent calculated from mean trajectory counts.  
 
Table 3.1 Final model statistics from significant model of mean trajectory distance data. Likelihood ratio test 
(LRT) statistics (including p values) are presented for significant and non-significant terms. Variance, standard 
deviation and percentage of total variance presented for random effects. Model selection statistics are 
presented in Table S3.1.  
Model Model terms Estimates SE χ2 df p 
Distance (Intercept) 4.13 0.45    
 Deterrent  -1.95 0.39    
 Distance  -0.02 0.01    
 Time block order -0.13 0.06 5.08 1 < 0.05 
 Deterrent * Distance 0.07 0.02 17.78 1 < 0.001 
 Random effects Variance SD % total   
 Time block (within night) (N = 12) 0.38 0.61 51.88   
 Night (within site) (N = 3) 0.05 0.23 7.23   





















































3.4.1.2 Acoustic bat passes 
I recorded 6,956 passes, 6,218 feeding buzzes and 517 social calls from nine hours 
of recording from nine nights at three sites (three repeat nights per site). Species 
present at the sites during experiments included mainly Pipistrellus pygmaeus and 
Myotis species (likely Myotis daubentonii) (64.49% and 23.49% of acoustic passes 
respectively). The remaining 12.02% of passes were identified as P. pipistrellus and 
Nyctalus and Eptesicus species made up the final 0.1%.  
P. pygmaeus activity was reduced by 22.83% and feeding activity by 34.77% during 
deterrent treatment and deterrent was significant when included as a fixed effect 
in GLMMs (Figure 3.8; Table 3.2; see Table S3.2 for model selection statistics). 
There was no effect of deterrent treatment for Myotis species activity or counts 
of feeding buzzes, or P. pipistrellus activity. There were not enough data to model 
P. pipistrellus feeding buzz or social calls counts, Myotis species social call counts 
or Nyctalus and Eptesicus species activity, feeding buzz or social call counts (< 20 
calls recorded in total in one night).  
P. pygmaeus activity was highest at the beginning of the experiment at 5-10 mins 
and decreased over the experiment hour and time was significant when included 
as a fixed effect in a GLMM (Figure 3.9; Table 3.2; Table S3.2). Myotis species 
activity significantly increased over the experiment hour, with a peak in activity at 
25 to 30 mins. P. pipistrellus activity remained the same over the experiment hour 
and there was no effect of time when data were analysed with a GLMM.  
Feeding buzzes and social calls were identified as being mainly from P. pygmaeus 
(84.82 and 94.00% respectively), with the remaining 15% of feeding buzzes and 
6% of social calls identified as Myotis species. P. pygmaeus feeding activity 
declined over the experiment hour and time block was significant when analysed 
with a GLMM (Figure 3.9; Table 3.2; Table S3.2). Myotis species feeding activity 
remained constant over the experiment hour and there was no effect of time 




decreased over the experiment hour in line with activity until a peak in calls in the 
last 5 mins and there was no significant effect of time block.  
 
Figure 3.8 Mean % change in counts of Pipistrellus pygmaeus passes (dark grey bars) and feeding buzzes (light 
grey bars) from control to deterrent treatments (± SE error bars), calculated as the mean of the % difference 
between counts for control and deterrent treatment for each time block on each night (including three 20 
min blocks per night, nine nights and three nights per site). A negative % value, below zero on the vertical (y) 




























Figure 3.9 Temporal activity over experiment hour (mean number of passes, including SE error bats, per 10 s 
file), including Pipistrellus pygmaeus passes (a), feeding buzzes (b) and social calls (c), and Myotis species (d), 





Table 3.2 Final model estimates, SE and z statistics from significant GLMMs and likelihood ratio test (LRT) 
statistics (including p values) for significant and non-significant terms, analysing count data of Pipistrellus 
pygmaeus, P. pipistrellus and Myotis spp. passes and P. pygmaeus and Myotis spp. feeding buzzes (fb) and P. 
pygmaeus social calls (sc). Variance, standard deviation and percentage of total variance presented for 
random effects. Model selection statistics are presented in Table S3.2. 
Model Model terms Estimates SE z χ2 df p 
P. pygmaeus (Intercept) 1.83 0.16 11.37    
 Deterrent treatment -0.20 0.07 -3.05 8.37 1 < 0.01 
 Time block order -0.01 0.00 -5.33 21.55 1 < 0.0001 
 Random effects Variance SD % total    
 Time block (in site) (N = 12) 0.04 0.21 37.54    
 Night (in site) (N = 3) 0.03 0.18 28.27    
  Site (N = 3) 0.04 0.20 34.19    
Myotis spp. (Intercept) -1.22 0.51 -2.41    
 Time block order 0.02 0.01 2.42 5.63 1 < 0.05 
 Deterrent treatment    0.02 1 0.89 
 Random effects Variance SD % total    
 Time block (in site) (N = 12) 0.85 0.92 70.73    
 Night (in site) (N = 3) 0.03 0.17 2.26    
  Site (N = 3) 0.33 0.57 27.01    
P. pygmaeus (fb) (Intercept) 2.36 0.88 2.67    
 Deterrent treatment -0.52 0.24 -2.16 1.00 1 < 0.05 
 Time block order -0.05 0.01 -7.08 33.50 1 < 0.0001 
 Random effects Variance SD % total    
 Time block (in site) (N = 12) 0.64 0.80 20.65    
 Night (in site) (N = 3) 0.72 0.85 23.34    
  Site (N = 3) 1.74 1.32 56.01    
P. pipistrellus Deterrent treatment    0.63 2 0.73 
  Time block     0.18 1 0.67 
P. pygmaeus (sc) Deterrent treatment    0.71 1 0.40 
  Time block     0.04 1 0.84 
Myotis spp. (fb) Deterrent treatment    0.34 1 0.56 






3.4.2 Larger scale distance study (0-120 m) 
A total of 4,504 bat passes were recorded on 38 nights, at four sites. Most passes 
were identified as Pipistrellus pipistrellus (57%), followed by unknown passes 
(23%), Myotis species (7%) and Nyctalus and Eptesicus species (7%) (Table 3.3). P. 
pygmaeus, Plecotus species (likely Plecotus auritus) and P. nathusii made up the 
remaining 6%.  
Overall, there was a 32% reduction in bat activity when the acoustic deterrent was 
broadcast compared to the silent control and this was significant when data for all 
distances were analysed using a GLMM (Figure 3.10; Table 3.4-3.5; see Table S3.3 
for model selection statistics). When Pipistrellus species passes were analysed, 
activity was also significantly reduced by 27% (Table S3.4), whereas although 
Myotis species activity was reduced by 23% overall, this was not significant when 
the data were analysed with a GLMM (Table S3.5).    
When data were analysed as separate 20 m distance bands, there was a significant 
effect of the deterrent on overall bat activity (all species), at up to 20 m behind, 
up to 20 m in front and 20 to 40 m in front of the deterrent set-up, with a 45, 61 
and 57% reduction in bat activity respectively (Table 3.4; Table S3.3). Pipistrellus 
species activity was also reduced by 36, 61 and 62% at up to 20 m behind, up to 
20 m in front and 20 to 40 m respectively, but only data collected at 0-20 and 20-
40 m distance bands were significant when analysed with a GLMM (Table 3.4; 
Table S3.4). Myotis species activity was reduced by 49% at 0 to 20 m and there 
was a significant effect of the deterrent when the data were analysed with a 
GLMM (Table 3.5; Table S3.5). However, there were not enough data to model for 
the other 20 m distance bands individually for Myotis bats. Bat activity was not 
significantly reduced by the deterrent for any of the other distance bands for any 





Table 3.3 Counts of bat passes of different species groups at seven distance bands and where no distance was recorded (NA), including Pipistrellus spp. (P. pipistrellus, P. pygmaeus and P. 
nathusii), Nyctalus spp. (N. noctula and N. leisleri), Plecotus auritus, Eptesicus serotinus, Myotis spp. and ‘unknown’ passes. 
 Distance bands (m) 
Species -20-0 0-20 20-40 40-60 60-80 80-100 100-120 NA Total % of total 
P. pipistrellus 119 337 57 339 55 107 219 1333 2567 56.99 
Unknown 14 483 184 146 19 19 12 138 1015 22.54 
Myotis spp. 13 89 13 31 10 12 15 152 335 7.44 
Nyctalus noctula 1 3 6 12 6 4 5 258 295 6.55 
Plecotus auritus 6 16 3 14 5 1 9 54 108 2.40 
P. pygmaeus 2 8 1 7 3 3 5 66 95 2.11 
Eptesicus serotinus 0 4 2 2 0 0 0 48 56 1.24 
N. leisleri 0 1 0 1 0 0 0 25 27 0.60 
P. nathusii 0 1 0 0 0 0 0 5 6 0.13 






Table 3.4 Counts of bat passes when an acoustic deterrent was broadcast and during control periods, at -20 m behind to 120 m in front of acoustic deterrents. p values from likelihood ratio 
tests and % change in bat passes when the deterrent was broadcast compared to control also presented. Where there were insufficient data, p values presented as ‘not modelled’. 
Species group Distance (m) Control Deterrent Total % change p 
All species groups -20-0 100 55 155 -45.00 < 0.01 
 0-20 677 265 942 -60.86 < 0.001 
 20-40 186 80 266 -56.99 < 0.01 
 40-60 273 279 552 2.34 0.87 
 60-80 58 40 98 -18.75 0.09 
 80-100 83 63 146 3.70 0.22 
 100-120 135 130 265 -5.22 0.51 
 Total 2676 1829 4505 -31.65 < 0.001 
Pipistrellus spp. -20-0 74 47 121 -36.49 0.13 
 0-20 248 97 345 -60.89 < 0.001 
 20-40 42 16 58 -61.90 < 0.01 
 40-60 171 175 346 2.34 0.91 
 60-80 32 26 58 -18.75 0.43 
 80-100 54 56 110 3.70 0.58 
 100-120 115 109 224 -5.22 0.69 
 Total 1535 1127 2662 -26.58 < 0.01 
Myotis spp. -20-0 9 4 13 -55.56 not modelled 
 0-20 59 30 89 -49.15 < 0.05 
 20-40 9 4 13 -55.56 not modelled 
 40-60 12 19 31 58.33 not modelled 
 60-80 5 5 10 0.00 not modelled 
 80-100 10 2 12 -80.00 not modelled 
 100-120 5 10 15 100.00 not modelled 





Figure 3.10 Mean % change (± SE error bars) in passes from -20 to 100 m, of Pipistrellus species (grey bars), 
and passes of all species recorded together (light grey bars), calculated as % difference between mean 
numbers of bat passes at each site during control and treatment periods. Data for Myotis species passes are 




Table 3.5 Final model output and likelihood ratio test (LRT) results for GLMMs analysing bat pass count data 
at different distances (negative binomial distribution and log link). Including effect sizes (± SE) for significant 
terms and variance (± SD), nesting structure, number of observations for each random effect term and total 
number of observations. Likelihood ratio test statistics also presented (significant terms in bold). Model 
selection statistics are presented in Table S3.3-3.5. 
Model Model terms  Estimate SE χ2 df p 
All species 0 to 20 m (Intercept) 1.52 0.26    
 Deterrent -0.84 0.17 23.45 1 < 0.0001 
 Time block  
  9.37 4 0.05 
 Random effects Variance SD    
 Time block (in night, 97) 0.00 0.00    
 Night (in site, 34) 0.00 0.06    
 Site (in repeat, 8)  0.41 0.64    
 Repeat (3) 0.00 0.00    
 Total observations = 194      
All species 20 to 40 m (Intercept) 0.67 0.25 
   
 Deterrent -0.72 0.24 9.02 1 < 0.01 
 Time block order   1.76 4 0.78 
 Random effects Variance SD    
 Time block (in night, 69) 0.00 0.00    
 Night (in site, 31) 0.08 0.29    
 
Site (in repeat, 8)  0.17 0.41 
   
 Site repeat (3) 0.00 0.00    
 Total observations = 131      
Pipistrellus spp. all  (Intercept) 2.40 0.22    
 Deterrent -0.48 0.15 9.58 1 < 0.01 
 Time block order 
  8.52 5 0.13 
 
Random effects Variance SD 
   
 Time block (in night, 121) 0.00 0.00    
 
Night (in site, 35) 0.45 0.67 
   
 Site (in repeat, 8)  0.16 0.41    
 
Site repeat (3) 0.00 0.00 
   
  Total observations = 224      
Pipistrellus spp. 0 to 20 m (Intercept) 1.19 0.01   
 
 Deterrent -0.97 0.01 19.78 1 < 0.0001 
 
Time block order    2.69 3 0.44 
 Random effects Variance SD    
 
Time block (in night, 78) 0.00 0.00 
   
 Night (in site, 32) 0.11 0.33 
 
  
 Site (in repeat, 8)  0.11 0.34 
 
  
 Site repeat (3) 0.00 0.00    







Table 3.5 cont.  
Model Model terms  Estimate SE χ2 df p 
Pipistrellus spp. 20 to 40 m (Intercept) 0.27 0.17    
 Deterrent -0.97 0.31 10.15 1 < 0.01 
 Time block order   1.5 4 0.83 
 Random effects Variance SD    
 Time block (in night, 32) 0.00 0.00    
 Night (in site, 20) 0.00 0.00    
 Site (in repeat, 8)  0.00 0.00    
 Site repeat (3) 0.00 0.00    
  Total observations = 64      
Myotis spp. 0 to 20 m (Intercept) 0.59 0.24    
 Deterrent -0.72 0.35 4.6488 1 < 0.05 
 Time block order    3.2593 3 0.35 
 Random effects Variance SD    
 Time block (in night, 31) 0.09 0.31    
 Night (in site, 22) 0.00 0.00    
 Site (in repeat, 6)  0.00 0.00    
 Site repeat (2) 0.00 0.00    






3.4.3 Deterrent sound modelling 
I recorded a mean frequency of maximum energy (FmaxE) of 45 kHz for both 
anechoic chamber and field measurements of the speaker units (calculated 
respectively from the mean of two speakers recorded on-axis and the mean of two 
speakers playing simultaneously off-axis in the field on seven nights at three sites). 
However, the FmaxE stipulated in the speaker specifications was 50 kHz (Figure 
S3.3), which had a sound output in 2 dB SPL of 45 kHz at 1 m and so I have used 50 
kHz for the following dB SPL calculations. Recordings made from the speaker units 
were also on average 2 dB SPL higher at 1 m when powered by the mains than 
battery or generator.  
I calculated the mean source level (SL) of the two speakers recorded individually 
on-axis in the anechoic chamber (at 1 m and 50 kHz) as 98 dB SPL (assuming 14°C, 
90% relative humidity and 101.325 kPa) (Figure 3.11; Table 3.6). Mean field 
recordings on seven nights at three sites were similar, ranging from 91-108 dB SPL 
at the same frequency and distance, with a mean and standard deviation of 99 ± 
6.60 dB SPL (when off-axis speaker to microphone angles of 9-15° and dB SPL 
reductions (ranging from 10-30 dB SPL) were calculated from speaker set-up and 
specification (see Methods 3.3.3).  
Assuming the same atmospheric conditions (14°C, 90% relative humidity and 
101.325 kPa), I predict that at a distance of 1 m, the speakers likely exceeded 83 
dB SPL at all frequencies (20-100 kHz), reaching over 90 dB SPL at 20-70 kHz (Figure 
3.11; Table 3.6). At the maximum distance calculated (100 m), all frequencies were 
predicted to have sound pressure levels below 0 dB SPL, apart from 20 kHz, which 
was predicted to be ~2 dB SPL.  
Most bats recorded during distance experiments were Pipistrellus pygmaeus, P. 
pipistrellus and Myotis species, which have echolocation calls with a FmaxE of ~50 
kHz (Russ 2012). The calculated sound pressure level was predicted to be 52 dB 
SPL at 15 m and 21 dB SPL at 30 m at 50 kHz (assuming the same atmospheric 




calculated as below 3 dB SPL for 50 kHz. The lowest speaker frequency of ~20 kHz 
was calculated to be 61 dB SPL at 15 m and 48 dB SPL at 30 m and < 40 dB SPL at 
40 m and beyond.  
 
Figure 3.11 Heat map of predicted dB SPL (RMS amplitude) for 20-100 kHz broadcast by the deterrent speaker 
unit over distances of 1-100 m, including contours at 0, 20, 40, 60, 80 dB SPL. White dashed lines indicate fine-
scale distance experiment treatment area of 15-30 m. Calculated using calibrated anechoic chamber 
recordings, taking into account atmospheric attenuation and frequency-dependent absorption at 14°C, 90% 
relative humidity and 101.325 kPa. Teal grey background represents no data (-20 dB SPL and below). Stepped 





Table 3.6 Predicted sound pressure levels (dB SPL) at distance for different frequencies emitted by Deaton 
acoustic deterrent. Calculated as a mean dB SPL from anechoic chamber recordings of two deterrent speaker 
units on-axis at 2.2 m, corrected for distance and atmospheric attenuation and frequency-dependent 
absorption at 14°C, 90% relative humidity and 101.325 kPa. Mean dB SPL values also calculated for 
frequencies rounded to nearest 10 kHz for each distance value. dB SPL values below 0 are in grey.  
  Frequency (kHz) 
Distance (m) 20 30 40 50 60 70 80 90 100 
1 91.68 93.24 96.63 97.68 92.89 91.69 86.84 83.06 87.33 
5 75.68 76.24 77.77 77.25 70.48 69.28 61.93 56.34 59.40 
10 67.14 66.45 65.65 63.17 53.92 52.71 42.24 34.39 35.95 
15 61.10 59.15 56.04 51.59 39.86 38.65 25.05 14.94 14.99 
20 56.08 52.87 47.44 41.03 26.82 25.61 8.88 -3.49 -4.94 
25 51.62 47.16 39.40 31.03 14.34 13.14 -6.73 -21.35 -24.32 
30 47.52 41.80 31.72 21.39 2.22 1.01 -21.98 -38.87 -43.34 
35 43.66 36.69 24.29 11.99 -9.66 -10.87 -36.99 -56.13 -62.11 
40 39.98 31.75 17.03 2.77 -21.36 -22.57 -51.82 -73.22 -80.71 
45 36.44 26.95 9.91 -6.31 -32.92 -34.13 -66.52 -90.18 -99.16 
50 33.00 22.26 2.90 -15.29 -44.38 -45.58 -81.10 -107.02 -117.51 
55 29.65 17.66 -4.02 -24.18 -55.75 -56.95 -95.60 -123.78 -135.78 
60 26.38 13.12 -10.88 -32.99 -67.04 -68.25 -110.03 -140.46 -153.97 
65 23.16 8.65 -17.67 -41.75 -78.28 -79.48 -124.39 -157.09 -172.10 
70 20.00 4.23 -24.41 -50.45 -89.46 -90.67 -138.70 -173.66 -190.18 
75 16.88 -0.14 -31.10 -59.11 -100.60 -101.81 -152.97 -190.19 -208.21 
80 13.80 -4.48 -37.76 -67.73 -111.70 -112.91 -167.20 -206.68 -226.21 
85 10.75 -8.78 -44.38 -76.32 -122.77 -123.97 -181.40 -223.13 -244.17 
90 7.73 -13.05 -50.98 -84.87 -133.80 -135.01 -195.57 -239.56 -262.10 
95 4.74 -17.30 -57.54 -93.40 -144.81 -146.02 -209.71 -255.96 -280.00 







In this study, I have used thermal bat tracking and acoustic methods to show that 
bats are deterred by an acoustic deterrent at distances up to ~30-40 m, but that 
after 40 m, there is a significant drop off in the effectiveness of the deterrent, 
beyond which bats are unlikely to hear the deterrent (Figure 3.7; Figure 3.10; 
Figure 3.11). In both the fine and larger scale experiments, bat activity was 
reduced by 50-60% during deterrent treatment periods at around 20 m from the 
deterrent. This reduction in bat activity is similar to the 50-60% reduction in bat 
fatalities recorded at wind farm sites in North America when the same acoustic 
deterrent speaker units were used (Arnett et al. 2013). However, the species most 
recorded as carcasses under turbines included the hoary bat (Lasiurus cinereus) 
and the silver haired bat (Lasionycteris noctivagans), which both have 
echolocation calls with a frequency of maximum energy (FmaxE) < 30 kHz. Species 
deterred in this study however, had an echolocation call FmaxE of around 50 kHz 
and included Pipistrellus species (mainly P. pipistrellus in the larger scale study and 
P. pygmaeus in the fine-scale riparian experiments) (Figure 3.8; Figure 3.10). 
Myotis species were deterred up to 20 m in front of the deterrent in the larger 
scale experiment and were likely to include M. nattereri, M. bechsteinii, M. 
brandtii and/or M. mystacinus based on local distribution patterns. However, due 
to the similarity of Myotis species calls (Russ 2012), it was not possible to discern 
which species were present.  
No deterrent effect was found for Myotis species in the fine-scale experiments, 
despite a reduction in activity found in Chapter 4 (Results 4.4.2). Due to the 
riparian habitat and the bat behaviour at the fine-scale experimental sites, it is 
likely that the Myotis bats recorded were M. daubentonii, which feed by trawling 
and aerial hawking, directing their echolocation calls over the water to detect their 
insect prey against a smooth surface (Jones & Rayner 1988; Rydell et al. 1999; 
Warren et al. 2000). In this study the SM2BAT+ bat detector was placed further 
away from the deterrent speakers than in Chapter 4. Therefore, it is likely that the 




over the water and not completely out of the treatment area, decreasing the 
ability to find an effect of the deterrent on this species. Pipistrellus species bats 
generally perform aerial hawking flight higher above the ground or water and are 
not so limited by flying directly over water, therefore more likely spread out in any 
direction when the sound was broadcast in the treatment area.   
In the fine-scale experiments, bat activity was reduced at 30 m by only 25% (Figure 
3.7;  
Table 3.1). Closer to the deterrent there was a stronger deterrent effect, with 
mean bat activity reduced by 80%. In the larger scale experiments, no significant 
effect of the deterrent was found beyond 40 m (Table 3.4; Table 3.5). A deterrent 
effect was also found up to 20 m behind the deterrent when all species were 
combined in the larger scale study, though there was no effect on Pipistrellus 
species, despite the group making up most passes at that distance band. All other 
species pass counts were too low to model individually and it is possible that with 
more data, an effect behind the deterrent may have been found for other species 
recorded (e.g. Myotis and Plecotus auritus) (Table 3.3).  
Anechoic chamber predictions of sound pressure levels at 40 m were below bat 
hearing thresholds of 20-30 dB, at < 3 dB SPL at ~50 kHz (the FmaxE of the 
deterrent speaker and echolocation calls of species present) (Figure 3.11) 
(Simmons et al. 2016; Goerlitz 2018; Lewanzik & Goerlitz 2018). Bats were more 
likely to hear the deterrent at 30 m, as the sound pressure level was predicted to 
be around 20-30 dB SPL at 40-50 kHz, just at or above the threshold level for bat 
hearing, which can range from 20-30 dB SPL and in some cases be as low as 0 dB 
SPL (Simmons et al. 2016; Goerlitz 2018; Lewanzik & Goerlitz 2018). However, 
lower frequencies may have had more of a deterrent effect, despite not 
overlapping with the FmaxE of species calls. For example, foraging efficiency in 
Myotis daubentonii was more likely reduced due to noise avoidance rather than a 
masking effect of traffic noise (Luo et al. 2015). Indeed, the 20 kHz component of 




dB SPL at 30 m and closer to 60 dB SPL at 20 m. There may have also been some 
upward masking of bat echolocation calls by lower and relatively louder frequency 
components of the deterrent output. These sound levels were also modelled on 
on-axis recordings, for specific temperature and humidity values and so some 
caution should be taken in interpretation of the predictions, as in general, 
operation of the deterrent will depend on site and night-specific variables (Goerlitz 
2018). However, the speakers were positioned at a height where most bats were 
flying and therefore likely to come in contact with sound levels predicted at some 
point during each experiment hour.  
Acoustic bat call data from the fine-scale experiments, which was mainly identified 
as being from Pipistrellus pygmaeus was consistent with the corresponding 
trajectory data for 30 m (where the bat detectors were placed) and there were 
similar percentage reductions in activity (23%) and feeding activity (35%) to those 
recorded in Chapter 4 for this species (26 and 38% respectively). However, unlike 
the results of Chapter 4, there was no effect of the deterrent on counts of social 
calls, which peaked in number at the end of the experiment hour (Figure 3.9; Table 
3.2). Social calls of P. pygmaeus can have a territorial function and this is 
dependent on insect abundance (Barlow & Jones 1997), which is in turn 
dependent on temperature conditions (Taylor 1963). More P. pygmaeus and P. 
pipistrellus social calls were recorded when insect density was low and playback 
experiments using the same calls reduced the activity of the conspecifics (Barlow 
& Jones 1997). The abundance of insect prey also generally peaks just after sunset 
and declines over the next hour or so with decreasing temperatures and 
Pipistrellus species activity usually follows this pattern (Ciechanowski et al. 2007). 
As this study was carried out in the relatively cool summer of 2017, cooler 
experiment nights (ranging from 11-17°C, compared to 13-21°C in 2018) and a 
resultant increase in territorial behaviour later, when it was cooler, could explain 
the trend in social calls seen for P. pygmaeus in this chapter, compared to Chapter 




Using a novel thermal bat tracking method and acoustic techniques, I have shown 
that an acoustic deterrent is effective at a range of up to about 30-40 m, and by 
extrapolation, is likely to approach 100% reduction in bat activity in 5-10 m, where 
sound pressure levels are likely to be in the range of 60-80 dB at 50 kHz (Figure 
3.7). I have also shown that bats are unlikely to respond the deterrent beyond 40 
m as the sound pressure level is likely to be just at or below the known hearing 
thresholds of bats at 20-30 dB SPL (Table 3.6; Figure 3.11). However, site-specific 
effects and weather variations are likely to play a role in how far the deterrent 
propagates in a real-world scenario. I therefore recommend that evaluation of 
deterrent use as a mitigation measure should be made on a case-by-case basis, 





Table S3.1 Model selection statistics for bat trajectory data (fine-scale study). 
Table S3.2 Model selection statistics for acoustic bat pass data (fine-scale study). 
Table S3.3 Model selection statistics for all species models (larger-scale study). 
Table S3.4 Model selection statistics for Pipistrellus spp. models (larger-scale 
study). 
Table S3.5 Model selection statistics for Myotis spp. models (larger-scale study). 
Figure S3.1 Typical frequency response of Sanken CO-100K Super Wide Range 
Microphone. 
Figure S3.2 Typical frequency response of D1000X bat detector capacitor 
microphone. 





Table S3.1 Model selection statistics for final models for bat trajectory data, including models with negative binomial and Poisson error structure. Models arranged by AICc weight (AICc Wt) 
and include number of model parameters (K), cumulative AICc weight (Cum. Wt). 
Model  Distribution link K AICc ΔAICc AICc Wt Cum. Wt 
Deterrent * distance + time block negative binomial log 9 5916.17 0.00 0.82 0.82 
Deterrent * distance negative binomial log 8 5919.20 3.00 0.18 1.00 
Deterrent + distance + time block negative binomial log 8 5931.90 15.70 0.00 1.00 













Table S3.2 Model selection statistics for final models for acoustic bat pass data, including models with negative binomial and Poisson error structure. Including Pipistrellus pygmaeus, P. 
pipistrellus and Myotis spp. passes, feeding buzzes (fb) and social calls (sc). Models arranged by AICc weight (AICc Wt) and include number of model parameters (K), cumulative AICc weight 
(Cum. Wt).  
Species Model link Distribution K AICc ΔAICc AICc Wt Cum. Wt 
P. pygmaeus Deterrent + time block log  Poisson 6 5144.64 0.00 0.71 0.71 
 Deterrent + time block log  negative binomial 7 5146.66 2.00 0.26 0.97 
 Time block log  Poisson 5 5150.99 6.40 0.03 1.00 
  Deterrent   log  Poisson 5 5164.17 19.50 0.00 1.00 
Myotis spp. Time block log  Poisson 5 3292.64 0.00 0.64 1.00 
 Deterrent + time block log  Poisson 6 3293.92 2.00 0.24 1.24 
 Deterrent + time block log  negative binomial 7 3295.95 4.00 0.09 1.32 
  Deterrent   log  Poisson 5 3297.52 5.60 0.04 1.36 
Myotis spp. (fb) null log  negative binomial 5 2630.78 0.00 0.58 1.00 
 Deterrent  log  negative binomial 6 2632.46 1.70 0.25 1.25 
 Deterrent + time block  log  negative binomial 7 2633.17 2.40 0.17 1.42 
  Deterrent + time block  log  Poisson 6 2691.00 60.20 0.00 1.42 
P. pipistrellus null log  Poisson 4 2031.34 0.00 0.59 0.59 
 Deterrent  log  Poisson 5 2032.91 1.60 0.27 0.86 
 Deterrent + time block log  Poisson 6 2034.74 3.40 0.11 0.96 
  Deterrent + time block log  negative binomial 7 2036.79 5.40 0.04 1.00 
P. pygmaeus (fb) Deterrent + time block  log  negative binomial 7 5027.17 0.00 0.77 1.00 
 Time block log  negative binomial 6 5029.61 2.40 0.23 1.30 
 Deterrent + time block  log  Poisson 6 5050.50 23.30 0.00 1.41 
  Deterrent log  negative binomial 6 5058.65 31.50 0.00 1.41 
P. pygmaeus (sc) null log  Poisson 5 1718.71 0.00 0.58 1.00 
 Deterrent  log  Poisson 6 1720.02 1.30 0.30 1.30 
 Deterrent + time block log  negative binomial 7 1721.99 3.30 0.11 1.41 




Table S3.3 Model selection statistics for final models for acoustic bat pass data of all species combined for all distances and -20-120 m, including models with negative binomial and Poisson 
error structure. Models arranged by AICc weight (AICc Wt) and include number of model parameters (K), cumulative AICc weight (Cum. Wt).  
  Response variable Model Distribution K AICc ΔAICc AICc Wt Cum. Wt 
All spp. all distances  Time block + Acoustic deterrent negative binomial 11 1863.69 0.00 0.68 1.00 
 Time block * Acoustic deterrent negative binomial 15 1865.26 1.60 0.31 0.32 
 
Acoustic deterrent negative binomial 7 1872.88 9.20 0.01 0.01 
 Time block negative binomial 10 1879.95 16.30 0.00 0.00 
 
Null negative binomial 6 1886.26 22.60 0.00 0.00 
  Time block * Acoustic deterrent Poisson 14 2611.79 748.10 0.00 0.00 
All spp. -20 to 0 m Acoustic deterrent negative binomial 7 278.13 0.00 0.86 1.00 
 Null negative binomial 6 282.43 4.30 0.10 0.14 
 Time block + Acoustic deterrent negative binomial 10 284.55 6.40 0.03 0.04 
 Time block negative binomial 9 288.12 10.00 0.01 0.01 
 Time block * Acoustic deterrent negative binomial 13 292.87 14.70 0.00 0.00 
  Time block * Acoustic deterrent Poisson 12 318.49 40.40 0.00 0.00 
All spp. 0 to 20 m Time block + Acoustic deterrent negative binomial 11 989.55 0.00 0.42 1.00 
 Acoustic deterrent negative binomial 7 990.08 0.50 0.32 0.58 
 Time block * Acoustic deterrent negative binomial 15 990.47 0.90 0.26 0.26 
 Null negative binomial 6 1011.37 21.80 0.00 0.00 
 Time block negative binomial 10 1011.70 22.10 0.00 0.00 
  Time block * Acoustic deterrent Poisson 14 1180.20 190.70 0.00 0.00 
All spp. 20 to 40 m Acoustic deterrent negative binomial 7 496.49 0.00 0.94 1.00 
 null negative binomial 6 503.28 6.80 0.03 0.06 
 Time block + Acoustic deterrent negative binomial 11 504.03 7.50 0.02 0.03 
 Time block * Acoustic deterrent negative binomial 15 506.58 10.10 0.01 0.01 
 Time block negative binomial 10 510.18 13.70 0.00 0.00 





Table S3.3 cont.  
 
Response variable Model Distribution K AICc ΔAICc AICc Wt Cum. Wt 
All spp. 40 to 60 m null negative binomial 6 647.78 0.00 0.70 1.00 
 Acoustic deterrent negative binomial 7 649.99 2.20 0.23 0.30 
 Time block negative binomial 10 653.05 5.30 0.05 0.07 
 Time block + Acoustic deterrent negative binomial 11 655.44 7.70 0.02 0.02 
 Time block * Acoustic deterrent negative binomial 15 658.03 10.20 0.00 0.00 
  Time block * Acoustic deterrent Poisson 14 711.80 64.00 0.00 0.00 
All spp. 60 to 80 m Acoustic deterrent negative binomial 7 233.73 0.00 0.45 0.98 
 
null negative binomial 6 234.08 0.40 0.38 0.53 
 Time block * Acoustic deterrent Poisson 12 236.74 3.00 0.10 0.15 
 
Time block + Acoustic deterrent negative binomial 10 239.48 5.70 0.03 0.05 
 Time block * Acoustic deterrent negative binomial 13 239.77 6.00 0.02 0.02 
  Time block negative binomial 9 239.98 6.30 0.02 0.00 
All spp. 80 to 100 m null negative binomial 6 240.83 0.00 0.61 1.00 
 Acoustic deterrent negative binomial 7 241.93 1.10 0.35 0.39 
 Time block negative binomial 9 247.35 6.50 0.02 0.04 
 Time block + Acoustic deterrent negative binomial 10 248.79 8.00 0.01 0.01 
 Time block * Acoustic deterrent Poisson 12 251.12 10.30 0.00 0.00 
  Time block * Acoustic deterrent negative binomial 13 254.52 13.70 0.00 0.00 
All spp. 100 to 120 m null negative binomial 6 366.66 0.00 0.72 1.00 
 Acoustic deterrent negative binomial 7 368.87 2.20 0.24 0.28 
 Time block negative binomial 9 372.92 6.30 0.03 0.04 
 Time block + Acoustic deterrent negative binomial 10 375.33 8.70 0.01 0.01 
 Time block * Acoustic deterrent negative binomial 13 380.04 13.40 0.00 0.00 






Table S3.4 Model selection statistics for final models for Pipistrellus spp. passes at all distances and -20-120 m, including models with negative binomial and Poisson error structure. Models 
arranged by AICc weight (AICc Wt) and include number of model parameters (K), cumulative AICc weight (Cum. Wt).  
Response variable Model Distribution K AICc ΔAICc AICc Wt Cum. Wt 
Pipistrellus spp. all distances  Acoustic deterrent negative binomial 7 1525.61 0.00 0.64 1.00 
 Time block + Acoustic deterrent negative binomial 12 1528.05 2.40 0.19 0.36 
 
Time block * Acoustic deterrent negative binomial 17 1528.48 2.90 0.15 0.17 
 null negative binomial 6 1533.06 7.40 0.02 0.02 
 
Time block negative binomial 11 1535.61 10.00 0.00 0.00 
  Time block * Acoustic deterrent Poisson 16 1972.12 446.50 0.00 0.00 
Pipistrellus spp. -20 to 0 m null negative binomial 6 217.94 0.00 0.51 1.00 
 Acoustic deterrent negative binomial 7 218.41 0.50 0.40 0.49 
 Time block negative binomial 9 222.31 4.40 0.06 0.09 
 Time block + Acoustic deterrent negative binomial 10 223.76 5.80 0.03 0.03 
 Time block * Acoustic deterrent negative binomial 13 232.73 14.80 0.00 0.00 
  Time block * Acoustic deterrent Poisson 12 249.08 31.10 0.00 0.00 
Pipistrellus spp. 0 to 20 m Time block * Acoustic deterrent negative binomial 13 595.28 0.00 0.80 1.00 
 Acoustic deterrent negative binomial 7 598.38 3.10 0.17 0.20 
 Time block + Acoustic deterrent negative binomial 10 601.99 6.70 0.03 0.03 
 null negative binomial 6 615.96 20.70 0.00 0.00 
 Time block negative binomial 9 619.94 24.70 0.00 0.00 
  Time block * Acoustic deterrent Poisson 12 666.26 71.00 0.00 0.00 
Pipistrellus spp. 20 to 40 m Acoustic deterrent negative binomial 7 170.89 0.00 0.97 1.00 
 null negative binomial 6 178.51 7.60 0.02 0.03 
 Time block + Acoustic deterrent negative binomial 11 180.33 9.40 0.01 0.01 
 Time block * Acoustic deterrent Poisson 14 183.81 12.90 0.00 0.00 
 Time block * Acoustic deterrent negative binomial 15 187.18 16.30 0.00 0.00 





Table S3.4 cont. 
 
Response variable Model Distribution K AICc ΔAICc AICc Wt Cum. Wt 
Pipistrellus spp. 40 to 60 m null negative binomial 6 487.04 0.00 0.72 1.00 
 Acoustic deterrent negative binomial 7 489.32 2.30 0.23 0.28 
 Time block negative binomial 9 493.13 6.10 0.03 0.05 
 Time block + Acoustic deterrent negative binomial 10 495.53 8.50 0.01 0.01 
 Time block * Acoustic deterrent negative binomial 13 497.72 10.70 0.00 0.00 
  Time block * Acoustic deterrent Poisson 12 524.36 37.30 0.00 0.00 
Pipistrellus spp. 60 to 80 m null negative binomial 6 143.14 0.00 0.74 1.00 
 
Acoustic deterrent negative binomial 7 145.47 2.30 0.23 0.25 
 Time block * Acoustic deterrent Poisson 12 151.34 8.20 0.01 0.02 
 
Time block negative binomial 9 152.46 9.30 0.01 0.01 
 Time block + Acoustic deterrent negative binomial 10 155.31 12.20 0.00 0.00 
  Time block * Acoustic deterrent negative binomial 13 155.79 12.60 0.00 0.00 
Pipistrellus spp. 80 to 100 m null negative binomial 6 199.66 0.00 0.75 1.00 
 Acoustic deterrent negative binomial 7 202.14 2.50 0.22 0.24 
 Time block negative binomial 9 206.82 7.20 0.02 0.03 
 Time block + Acoustic deterrent negative binomial 10 209.54 9.90 0.01 0.01 
 Time block * Acoustic deterrent Poisson 12 212.28 12.60 0.00 0.00 
  Time block * Acoustic deterrent negative binomial 13 216.15 16.50 0.00 0.00 
Pipistrellus spp. 100 to 120 m null negative binomial 6 366.66 0.00 0.72 1.00 
 Acoustic deterrent negative binomial 7 368.87 2.20 0.24 0.28 
 Time block negative binomial 9 372.92 6.30 0.03 0.04 
 Time block + Acoustic deterrent negative binomial 10 375.33 8.70 0.01 0.01 
 Time block * Acoustic deterrent negative binomial 13 380.04 13.40 0.00 0.00 






Table S3.5 Model selection statistics for final models for Myotis spp. pass data at all distances and 0 to 20 m, including models with negative binomial and Poisson error structure. Models 
arranged by AICc weight (AICc Wt) and include number of model parameters (K), cumulative AICc weight (Cum. Wt).  
Response variable Model Distribution K AICc ΔAICc AICc Wt Cum. Wt 
Myotis spp. all distances  null negative binomial 6 555.15 0.00 0.46 1.00 
 Acoustic deterrent negative binomial 7 555.68 0.50 0.35 0.54 
 
Time block negative binomial 9 558.60 3.50 0.08 0.18 
 Time block + Acoustic deterrent negative binomial 10 559.15 4.00 0.06 0.10 
 
Time block * Acoustic deterrent negative binomial 13 560.18 5.00 0.04 0.04 
  Time block * Acoustic deterrent Poisson 12 655.34 100.20 0.00 0.00 
Myotis spp. 0 to 20 m Acoustic deterrent negative binomial 7 216.26 0.00 0.55 1.00 
 null negative binomial 6 217.65 1.40 0.28 0.45 
 Time block + Acoustic deterrent negative binomial 9 219.63 3.40 0.10 0.17 
 Time block negative binomial 8 220.79 4.50 0.06 0.07 
 Time block * Acoustic deterrent negative binomial 11 224.64 8.40 0.01 0.01 











Figure S3.1 Typical frequency response of Sanken CO-100K Super Wide Range Microphone from specification manual provided by Sanken Microphone Co. Ltd., Tokyo, Japan. Including a 






Figure S3.2 Typical frequency response of D1000X full spectrum bat detector capacitor microphone, provided 
with permission from Pettersson Elektronik, Uppsala, Sweden. Including a maximum frequency response of ± 
10 dB at 0 to 200 kHz. As the measuring system was not accurate below 20 kHz, responses below this 
frequency (shaded blue area) should be disregarded. 
 
Figure S3.3 Typical beam pattern at 50 kHz of SensComp 600 series environmental electrostatic transducers 
used in the acoustic deterrent speaker unit (which included 12 transducers), from SensComp specification 







3-dimensional bat responses to an acoustic 
deterrent, studied using stereo thermal 










All experimental design, data collection, method development, calculation, 
statistical analysis and writing for this chapter were carried out by L.R.V Gilmour, 
with the additional contributions below: 
All MATLAB scripts were originally written by M.W. Holderied and then developed 
ready for use by L.R.V. Gilmour with help from M.W. Holderied. Match Point 1.0 
software was created by M. W. Holderied especially for the application in this 
thesis.  
G. Jones and M.W. Holderied provided supervision for all experimental work 
carried out for this chapter and provided comments and feedback on the written 





Acoustic deterrents have shown potential for diverting bats away from areas 
where they forage and roost such as wind turbines and historic buildings. 
However, the mechanisms underpinning acoustic deterrence of bats have not yet 
been explored. Bats avoid areas of ambient ultrasound in their environment and 
alter their echolocation calls in response to masking noise. Using stereo thermal 
videogrammetry and acoustic methods, I tested predictions that i) bats would 
avoid an airspace exposed to high-intensity ultrasound, likely due to a masking 
effect of the deterrent noise negatively affecting the use of their echolocation for 
orientation and prey capture and ii) bats would reduce their local foraging activity 
in response to the deterrent, which would consequently increase their flight speed 
and reduce the tortuosity of their flight paths. As predicted, bat activity and 
foraging behaviour were significantly reduced, and bats increased their flight 
speed in response to the deterrent. There also was a small (1%) reduction in 
tortuosity at 25-30 m, probably due to bats flying more directly during deterrent 
playback around and under the bridge at each site. Pipistrellus pygmaeus, Myotis 
species (probably M. daubentonii) and Nyctalus and Eptesicus species pass counts 
were all significantly reduced during deterrent broadcast and returned to normal 
after playback. P. pipistrellus pass counts were not different during deterrent 
playback and control periods, but a deterrent effect on this species can not be 
ruled out due to the small sample size (only 6% of total passes). P. pygmaeus 
reduced the bandwidth and start frequency of their echolocation calls in response 
to the deterrent, probably in a response to the masking effect of the deterrent and 
their passes and feeding buzzes were also reduced by 28 and 38% respectively. 
There was less of, but still a significant reduction in P. pygmaeus social calls (23% 
reduction), possibly due to the unavoidable recording of the relatively low 
frequency calls emitted outside of the treated airspace. Deterrence could 
therefore be used to remove bats from areas where they forage, for example 
where they may be under threat from human-built structures or anthropogenic 





In Chapters 2 and 3 of this thesis, I demonstrated that acoustic deterrents are 
effective at reducing bat activity at foraging sites in the UK, up to a range of ~40 
m. The same ultrasonic speakers reduced bat mortality at wind farms in North 
America (Arnett et al. 2013) and were successfully used to move bats from 
roosting in certain problem areas of churches in the UK (Packman et al. 2015; Zeale 
et al. 2016). However, the mechanism for deterrence by this broadband ultrasonic 
speaker system has not yet been explored. Understanding how acoustic 
deterrence works and its impact on bats is therefore important for its safe and 
appropriate use.  
Acoustic deterrence systems can be thought of as analogous to a noise 
disturbance encountered in an animal’s environment, for example from natural 
sources and/or anthropogenic sources (Mackey & Barclay 1989; Schaub et al. 
2008; Bunkley & Barber 2015; Bunkley et al. 2015; Luo et al. 2015; Mahjoub et al. 
2015; Simpson et al. 2016). Potential mechanisms for the effect of noise on 
animals include noise avoidance, a reduction in attention due to the noise and 
auditory masking (Chan et al. 2010; Purser & Radford 2011; Francis & Barber 2013; 
Moore 2013; Luo et al. 2015). Noise avoidance usually occurs when a sound in an 
animal’s environment represents an uncomfortable or aversive stimulus or 
potential stressor (Francis & Barber 2013; Luo et al. 2015). For example, foraging 
was reduced in Daubenton’s bats (Myotis daubentonii) by traffic noise playbacks 
that did not overlap in frequency with returning echolocation echoes and 
therefore represented an aversive stimulus, rather than a masking one (Luo et al. 
2015).  
Reduced attention due to noise occurs when an animal’s ability to focus on 
important tasks such as foraging, or predator avoidance are impaired by another 
sound source (Barber et al. 2003; Chan et al. 2010; Purser & Radford 2011; Luo et 
al. 2015). Three-spined sticklebacks (Gasterosteus aculeatus) made more food 




and Caribbean hermit crabs (Coenobita clypeatus) were more vulnerable to 
predation in response to boat noise (Chan et al. 2010; Purser & Radford 2011). 
Auditory masking is where the perception of a sound is affected by another 
masking sound and the threshold level for hearing the original sound is increased 
by the presence of the second sound (Moore 2013). For example, wild superb 
fairy‐wrens (Malurus cyaneus) were less likely to flee alarm calls in the presence 
of overlapping high amplitude noise, but not in response to non-overlapping noise 
(Zhou et al. 2019).  
Ambient sound can therefore have a range of impacts on an animal’s ability to 
carry out important behaviours, such as communicating with conspecifics, social 
behaviour, courtship, foraging and avoiding predators (Schaub et al. 2008; Chan 
et al. 2010; Radford et al. 2014; Bunkley et al. 2015; Mahjoub et al. 2015; Morris-
Drake et al. 2017; de Jong et al. 2018a; de Jong et al. 2018b; Jiang et al. 2019; Tidau 
& Briffa 2019; Zhou et al. 2019). All three mechanisms are not mutually exclusive, 
however, and teasing apart underlying reasons for noise effects can be difficult 
(Luo et al. 2015).  
Previous research on deterrence has alluded to a specific masking effect of the 
acoustic deterrent stimulus on the echolocation system of bats, precluding their 
ability to hunt and find prey (Arnett et al. 2013). Along with the passive hearing 
system of most other vertebrates, bats possess an active hearing system and rely 
on echolocation to orientate and hunt their insect prey at night (Metzner & Müller 
2016). Bats are therefore susceptible to another level of auditory masking, often 
called “jamming”, in which sounds from echolocating conspecifics or other 
ambient sources interfere with returning echoes from their own signals (Griffin et 
al. 1963). Indeed, bats will often alter their spectral and/or temporal echolocation 
characteristics in response to jamming by conspecifics, in what is often called a 
jamming avoidance response (JAR) (Gillam et al. 2006; Bates et al. 2008; Chiu et 
al. 2010; Jarvis et al. 2013; Takahashi et al. 2014; Amichai et al. 2015; Fawcett & 
Ratcliffe 2015; Hase et al. 2018). Bats will also alter their echolocation calls in 




anthropogenic sources such as traffic noise or gas compressor stations (Gillam & 
McCracken 2007; Tressler & Smotherman 2009; Hage & Metzner 2013; Bunkley et 
al. 2015; Song et al. 2019).  
Not all responses to noise in bats are due to jamming of echolocation calls. 
Masking can also occur when prey-generated sounds are obscured by noise 
(Schaub et al. 2008; Bunkley & Barber 2015; Gomes et al. 2016). Bats may also 
avoid noise if it represents an uncomfortable or stressful stimulus (Luo et al. 2015). 
Bat communication can also be affected by masking, although this has been 
studied less (Jiang et al. 2019; Song et al. 2019).  
Flying vertebrates such as bats are constrained by the energetic costs of flight and 
therefore adjust their flight pattern in order to minimise energy expenditure 
where possible (Pennycuick 1975; Rayner 1999; Grodzinski et al. 2009). Foraging 
bats therefore tend to fly at reduced speeds and with more tortuous flight paths 
(taking a longer and more twisted or convoluted route to reach the same point), 
compared to when commuting, where their flight paths are faster and more direct 
(Jones & Rayner 1988, 1991; Jones 1995; Holderied & Jones 2009). Commuting 
bats aim to reach their foraging territories quickly, avoiding predation and 
therefore fly at higher speeds, using more energy. Once foraging and searching for 
insects, which represent a patchy resource, bats will forage with slower and more 
tortuous flight, which is also more energy efficient. Flight speeds and other flight 
path characteristics can therefore be used to investigate the effect of specific 
environmental conditions such as light or noise, on bat behaviour (Polak et al. 
2011). For example, flight speeds of Pipistrellus kuhlii and Eptesicus bottae were 
significantly increased in floodlit areas compared to natural darkness (Polak et al. 
2011). E. bottae also did not forage in the light and flew closer to commuting speed 
when passing through the beam.  
Animal flight speed, tortuosity and other trajectory characteristics are often 
measured using 3-dimensional flight path tracking methods (Dell et al. 2014; Betke 




photogrammetery, stereo videogrammetry, GPS tracking systems and acoustic 
tracking systems (Jones & Rayner 1988, 1991; Jones 1995; Holderied et al. 2005; 
Holderied et al. 2008; Hristov et al. 2008; Grodzinski et al. 2009; Polak et al. 2011; 
Yang et al. 2013; Sapir et al. 2014; Giuggioli et al. 2015). As bats generally fly at 
night, visual methods of flight path tracking have often been limited to using a 
relatively small lit-up area or flash photography (Jones & Rayner 1988, 1991; Jones 
1995; Polak et al. 2011; Giuggioli et al. 2015). Thermal imaging methods allow the 
visualisation of animals in dark environments potentially over larger scales 
(Hristov et al. 2008; Betke et al. 2017). Some studies have utilised thermal imaging 
for 2-dimensional flight path tracking, in for example studying emergence patterns 
of bats from caves and at offshore wind turbine sites (Hristov et al. 2008; Cullinan 
et al. 2015; Matzner et al. 2015; Betke et al. 2017). However only a handful of 
studies have utilised both stereo videogrammetry and thermal imaging methods 
to study bats to date (Hristov et al. 2008; Yang et al. 2013).  
Therefore, in this study I aimed to explore the potential mechanisms underpinning 
acoustic deterrence and its impact on bats, by using a combination of stereo 
thermal videogrammetry and acoustic recording techniques. I aimed to test the 
predictions that, i) bats will avoid areas subjected to intense broadband 
ultrasound, resulting in a decrease in activity (similar to previous chapters), and ii) 
this is due to the masking effect of the deterrent noise precluding the use of their 
echolocation. I also predict that iii) mean trajectory flight speed will increase and 
tortuosity will decrease in response to the deterrent, in line with a decrease in 
foraging behaviour, iv) bats will alter their echolocation calls in response to the 
deterrent to avoid auditory masking and v) there will be a significant reduction is 
feeding buzzes and social calls recorded during deterrent treatments.  
4.3 Methods 
4.3.1 Site selection and experimental procedure 
I carried out experiments in July and August 2018 at three riparian locations (> 1 




selected due to high levels of bat activity recorded in previous chapters. Each site 
had an area of still water next to a bridge and was flanked by hedges along one 
side, either along the river or perpendicular to the bridge. I filmed bats flying over 
the river using two thermal imaging cameras (Optris PI640 thermal imaging 
cameras, 640x480 pixel resolution, 33° lenses; Optris GmbH, Germany), Optris PI 
Connect software (Optris GmbH, Germany) and a laptop computer (see Chapter 
3.3.1.1 Methods), recording in .avi uncompressed video format at 32 fps for one 
hour per night, for three nights at each site (nine hours of footage in total), starting 
at ~half an hour to 1 hour after sunset. I alternated 5-minute silent control periods 
and 5 mins of ultrasonic speaker playback, totalling 12 x 5 min time blocks over 
the experiment hour. I started each experiment night with a control period, in 
order to monitor bat activity levels and decide when to start filming (see Chapter 
3.3.1.2 Methods).  
I placed the two ultrasonic speakers (Deaton engineering Inc., Texas, USA, see 
Figure 2.2 in Chapter 2 for specification) on ladders at ~2 m high and 10-15 m 
behind the cameras, so that the sound field covered ~15-30 m in the z plane of the 
cameras’ field of view (FOV). From Chapter 3, I predicted that there would be 
approximately a 60% reduction on average in bat activity over the treatment area. 
I therefore chose this distance range to increase the likelihood of recording an 
effect, but also making sure there were bats to respond to the deterrent present 
in the treatment area. A treatment area closer to the deterrent could have 
resulted in a reduced ability to see an effect due to most bats being deterred by 
the deterrent noise. I positioned the two cameras at the same height (1 m), 4 m 
apart, parallel to the ground (using a sprit level) and so that the inner edge of their 
FOV overlapped at 3.2 m and the side edges of their FOV were parallel, so that the 
combined FOV covered the maximum amount of the treatment area (4-5 m wide, 
depending on distance) (Figure 4.1).  
All equipment was powered by a low-noise generator (Honda EU10i, Honda, 
Tokyo, Japan) that was unlikely to affect bat activity (Stone et al. 2009). The 




both control and treatment periods. I also placed a SM2BAT+ detector and SMX-
US microphone (Wildlife Acoustics Inc., Massachusetts, USA; continuous .wav 
recording; 384 kHz sampling rate; SNR 10) next to the bridge at ~30 m from the 
deterrent, angled towards the water at each site, to record bat calls in the 
treatment zone during the experiment hour, but also far enough away to avoid 
masking effects of the deterrent on recordings.  
4.3.2 Calibration 
I carried out calibration of the treatment area (extrinsics) and the camera lens 
parameters (intrinsics) using a bespoke commissioned calibration target, 
comprised of an aluminium cross with 30 11 mm diameter tungsten bulbs (1.5 V, 
300 mA) wired in parallel on four arms, powered by four D cell batteries (Figure 
4.2). Three of the arms were identical with eight bulbs and one arm had six bulbs 
arranged in three pairs, to allow its identification in the thermal footage. I 
thermally insulated the target using heating insulation board and a cardboard 
panel, so the heat signature from the person carrying the target was obscured as 
much as possible.  
I calculated bulb coordinates and filmed the calibration target in eight different 
orientations and at three angles (24 positions) on each repeat night and extracted 
image stills using VirtualDub (v. 1.10.4, Free Software Foundation, Inc, Cambridge, 
MA, USA). I prepared images using Photoshop CS5 Extended (v.12, Adobe Systems 
Inc., San Jose, California, United States) threshold, curves and paint brush 
functions, ready for extraction of in situ bulb coordinates from each camera using 
MatchPoint 1.0 (software developed using original target bulb coordinates and 
MATLAB by M.W. Holderied especially for this application). I then used specially 
developed calibration code, based on the stereo vision toolbox in MATLAB 
(v.R2017a, 9.2.0.556344, Mathworks Inc., Natick, MA, United States) to extract 
camera intrinsics and extrinsics of each nightly set-up, which were then used to 





Figure 4.1 Calibration set-up, with two thermal imaging cameras with 33° opening angles, positioned at 4 m 
apart. Camera positioning created a ~4 m wide overlapped field of view (FOV) at 0-20 m. Calibration target 





Figure 4.2 Images of bespoke calibration target: (a) target in situ at a riparian site, (b) thermal image still of 
target, (c) close-up of one arm, showing bulbs and insulation and (d) scatter plot showing bulb coordinates 
used to develop MatchPoint 1.0 software. Photo/image credits L.R.V. Gilmour. 
4.3.3 Reconstructing trajectories 
I used another bespoke MATLAB script (written by M.W. Holderied and developed 
from the script used in Chapter 3) to extract individual bat localisation coordinates 
for the two cameras using background subtraction between individual frames of 
32 fps .avi recordings. All possible localisations were then paired and sorted into 
potential trajectories using defined parameter values, including a maximum speed 
of 15 m/s, a maximum frame gap (number of frames in between localisations) of 
15, a maximum distance between localisations of 1000 mm and minimum 






Figure 4.3 Stereo reconstruction of all possible trajectories in an example 30 s of footage during a silent 
control period. Cameras are plotted in blue and red. Calibration target positions are also plotted in front of 
the cameras as 24 separate calibration target coordinates from intrinsic/extrinsic parameter calculations. 
Figure created in MATLAB. 
Before trajectory coordinates were extracted for each night, I determined the best 
pixel threshold that allowed the maximum number of trajectories to be 
determined with the minimum amount of noise. A pixel threshold that was too 
low could result in insect trajectories or erroneous localisations being plotted and 
a threshold that was too high would reduce the ability to detect bats, especially 
further away from the cameras.  
I selected trajectories that were likely to be true pairings and included those that 
did not share > 3 localisation points with other trajectories. I discarded trajectories 
that were likely to be erroneous pairings (by comparing x and y coordinates from 
both cameras), those that had inconsistent speeds (a difference of > 3 m/s 
between subsequent localisations) and/or distorted trajectories that did not 
appear to follow a smooth pathway and had < 10% erroneous localisations. With 
the trajectories I included, some replication and distortion of individual 




approach to minimize the likelihood of false positives, which would introduce 
noise and possibly bias into the dataset. I removed individual distorted and 
replicated localisations from trajectories that were likely to be true pairings by 
comparing the trajectory plot and speed calculations. However, this smoothing 
method was only applied to trajectories where it was obvious there was an 
erroneous point amongst enough other true localisations (< 10% of all 
localisations). Removing too many potentially erroneous points from a trajectory 
could bias the data extracted and it would be better to exclude the whole 
trajectory than risk including one where more localisations were removed than 
preserved. 
4.3.4 Calculating trajectory variables 
I calculated flight speed in m/s as the mean of all speeds for each subsequent 
localisation pair (calculated as the distance between two localisations in three 
dimensions, divided by the time between frames when each frame was 0.032 s, at 
a frame rate of 32 fps). I calculated distance from the cameras, as the mean 
distance (m) from the beginning of the camera field of view (FOV) to each 
localisation, i.e. the mean of the y coordinate (Figure 4.4). I calculated height (m) 
above or below the cameras in the same way using the mean of the z coordinate 
for each localisation. I calculated trajectory length as the total travelled distance 
(the sum of all the distance segments (m) travelled between localisations) and 
tortuosity value as the ratio of the total travelled distance and net displacement 
(the distance (m) from the first to the last localization coordinate), divided by 10 





Figure 4.4 Example of a flight trajectory from a single bat, illustrating calculation of trajectory variables from 
3-dimensional localization points. Including (a) net displacement, calculated as the distance from the first to 
last localisation; (b) distance segment, used to calculate the total distance, as the sum of all segments. 
Distance (m) and height (m) from the cameras were also calculated as the mean of y and z localisation 
coordinates respectively.   
4.3.5 Acoustic data collection  
I split bat calls recorded for each experiment hour (for nine nights at three sites) 
into 10 s files and for each file manually identified bat echolocation, feeding buzz 
and social call data to species or genus level in BatSound 4 (v4.1.4, Pettersson, 
Uppsala, Sweden; FFT size: 1024; FFT window: Hanning) using the same method 
as in Chapter 2.3.3. Myotis species echolocation calls were identified to genus 
level, due to the similar nature of their broadband frequency modulated calls, 
however in this habitat most Myotis species present were likely to be Myotis 
daubentonii, which generally feeds over water (Jones & Rayner 1988; Russ 2012). 
Nyctalus and Eptesicus species were also grouped due to their similar long-range 
echolocation calls and flight behaviour (Jones 1995; Russ 2012). I identified a new 
bat pass as a sequence of echolocation calls > 1 s from the last pass and feeding 
buzzes as a short sequence of calls, characterized by a sudden transition to a high 




shape and lower frequency and can also be identified to species or genus level in 
most cases (Pfalzer & Kusch 2003; Middleton et al. 2014). I took the sum of counts 
from 10 s files to get an overall pass/feeding buzz/social call count for each 5-
minute time block. I added the deterrent noise level recorded during noise 
playback to control files using a MATLAB script (see Chapter 2 method) before 
analysis, so not to introduce bias from control files being easier to score.  
4.3.6 Call parameter measurements 
I selected 300 passes from five time block pairs of control and treatment periods 
(spanning the experiment hour), from nine nights of recording at three sites and 
extracted call measurements for three calls per pass and one pass per 10 s file 
using BatSound 4 (v4.1.4, Pettersson, Uppsala, Sweden). I ensured 5-min time 
block pairs were always balanced in number of passes for control and treatment, 
totalling 150 passes (450 calls) measured for both control and treatment (300 
passes in total). I extracted measurements from search phase passes only, as 
approach phase calls have a more broadband structure, a higher frequency of 
maximum energy and an increasingly shorter pulse interval, as the bat approaches 
the prey. Single bat passes were rare, so I included passes where one or two bats 
were present simultaneously but controlled for number of bats present in the 
model specification (see statistical analysis below).     
For each call, I manually measured frequency of maximum energy (kHz) using the 
power spectrum function and end and start frequency (kHz) using the spectrogram 
and measurement cursor in Bat Sound 4. To avoid the effect of attenuation of high 
frequencies on calls recorded at distance, I used a cut-off in amplitude of a call of 
> 15% (using the oscillogram window in Bat Sound 4). I also used the same 
spectrogram settings for every file, (threshold 0; amplitude contrast 0; frequency 
resolution 525 Hz; FFT size 1024 samples; FFT window: Hanning; time between 
FFTs 2.7 ms). I calculated bandwidth (kHz) as the difference between start and end 




end of the call and pulse interval as the time (ms) from the beginning of one call 
in a pass to the start of the next.     
4.3.7 Statistical analysis 
4.3.7.1 Trajectory measurement data  
I analysed trajectory measurement data using linear mixed effect models (LMMs) 
using the R (v3.5.2) package lme4 (v.1.1-19) (Bates et al. 2015) and generalized 
linear mixed effect models using glmmTMB (v.0.2.3) (Brooks et al. 2017), 
depending on the distribution of the response variable. Flight speed and distance 
followed a Gaussian distribution and were therefore analysed using an LMM, 
whereas height and length required a transformation to be able to carry out an 
LMM (Boxcox and log transformations, respectively). Tortuosity value followed a 
continuous proportional distribution between 0-1 and therefore I carried out a 
beta binomial GLMM with a cloglog link function.  
Full models all contained the fixed effects deterrent treatment (levels: 
deterrent/control), time block order (A-L), flight distance (m) and an interaction 
term between deterrent treatment and distance (apart from the distance model, 
which only contained deterrent treatment and time block number). I retained the 
random effect structure of time block (N = 12) nested in night (N = 9), nested in 
site (N = 3) in all models. I selected final models based on second order Akaike 
information criterion (AICc), where a difference in AICc of > 2 between a model 
and a nested model indicated a better fit. Estimates, SE and t/z values were 
obtained from model summaries, and χ2, df and p values were calculated from 
likelihood ratio tests (LRTs) between a model containing a term, and a nested 
model without that term (or the null model). Model selection statistics are 




4.3.7.2 Acoustic data 
I analysed acoustic bat call data in R using the same method as above, with Poisson 
or negative binomial GLMMs using the lme4 package (Bates et al. 2015), 
depending on the distribution of the response variable. Response variables 
included counts of passes, feeding buzzes and social calls of Pipistrellus pygmaeus, 
and passes of Myotis species, P. pipistrellus and a group containing Eptesicus 
serotinus and Nyctalus species. There were not enough data to analyse passes, 
feeding buzzes or social calls from any other species (< 20 passes per night for 
majority of nights for a site). I excluded the first minute of each block in my 
analysis, to minimize spillover effects from previous blocks and make sure each 
block had the same number of files analysed. I therefore included 24 10 s files (4 
mins) from each 5-min time block in the analysis.  
4.3.7.3 Call parameter data 
I analysed call parameter data using the same methods as the acoustic data 
analysis, but instead using linear mixed effect models (LMMs) in lme4 (Bates et al. 
2015), due to the Gaussian distribution of all response variables. Response 
variables included bandwidth, start, end and frequency of maximum energy (all in 
kHz) and duration and pulse interval (ms). I included the fixed effects deterrent 
treatment, time block order and number of bats (number of bats present 
simultaneously in a pass). I included the random effects of site, night, block pair, 
time block and call sequence number (arranged in a nested design). Block pair was 
included due to the differing numbers of passes analysed for different time block 
pairs (a block pair consisted of two 5-min time blocks, one control and one 
treatment). Call sequence number was included to identify the pass number, from 
each time block, for each call. A Bonferroni correction was applied to p values 
obtained from LRTs for each parameter, to control for multiple testing on the same 






4.4.1 Bat flight trajectory measurements 
I extracted measurements from 1,167 viable flight trajectories from a total of nine 
hours of footage, recorded on nine nights at three sites (one hour per night, three 
nights per site), including 284 recorded when the deterrent speakers were on and 
883 from control periods. Trajectories ranged from 0.38 to 11.23 m in length, with 
a mean length (± SD) of 2.56 ± 1.63 m and contained 6-65 trajectory segments 
(14.65 ± 8.00). Bat trajectories were recorded from the beginning of the stereo 
field of view at 5.47 m, up to the edge at 26.82 m, at a mean distance of 14.24 ± 
3.98 m, equating to a range of ~15-37 m from the deterrent speakers. Bat flight 
height ranged from 2.59 m below the camera line of site to 5.77 m above, 0.46 ± 
1.56 m on average.  
Bat flight speed per trajectory ranged from 1.76 to 7.99 ms-1 (a mean of 4.62 ± 
0.98) and tortuosity value range of 0.03 to 0.95 (0.12 ± 0.05). Bat trajectory speeds 
were significantly higher (4.86 ± 0.92 ms-1 vs 4.54 ± 0.99 ms-1) and at greater 
distances from the deterrent during playback compared with when no sound was 
played (15.49 ± 4.39 m vs 13.84 ± 3.76 m respectively) (Table 4.1; Figure 4.5; see 
Table S3.1 for model selection statistics). Bat speed also significantly decreased 
over the experiment hour. There was no effect of the deterrent on flight height 
(boxLMM: χ2 = 0.036, df = 1, p = 0.85), or trajectory length (logLMM: χ2 = 0.80, df 
= 1, p = 0.37) (Table S3.1). 
Bat trajectories were less tortuous at greater distances, when the deterrent was 
deployed and there was a significant interaction between deterrent treatment and 
distance (Table 4.1; Figure 4.5; Table S3.1). However, despite being significant, the 
main effects in isolation were not meaningful, due to similar tortuosity values 





Table 4.1 Final model estimates, SE and t/z statistics from significant trajectory measurement models. 
Likelihood ratio test (LRT) statistics (including p values) are presented for significant and non-significant terms. 
Variance, standard deviation and percentage of total variance presented for random effects. Model selection 
statistics are presented in Supplementary Material Table S4.1-1.2. 
Model Model terms Estimates SE t or z χ2 df p 
Speed  (Intercept) 5.14 0.21473 23.92    
 Deterrent treatment 0.57 0.10556 5.42 25.84 1 < 0.001 
 Time block order -0.10 0.01544 -6.19 32.34 1 < 0.001 
 Distance     0.02 1 0.88 
 Deterrent * distance     1.56 3 0.67 
 Random effects Variance SD % total    
 Time block (in night) (N = 12) 0.14 0.37 48.93    
 Night (in site) (N = 9) 0.07 0.26 24.34    
 Site (N = 3) 0.08 0.28 26.74    
  No of obs. 1172      
Tortuosity (Intercept) -2.18 0.02 -124.41    
 Deterrent treatment*distance  -0.01 0.00 -65.77 4343.30 1 < 0.001 
 Deterrent treatment 0.10 0.02 4.87    
 Distance  0.01 0.00 97.77    
 Time block order    0.50 1 0.48 
 Random effects Variance SD % total    
 Time block (in night) (N = 12) 0.01 0.09 91.20    
 Night (in site) (N = 9) 0.00 0.03 7.48    
 Site (N = 3) 0.00 0.01 1.32    
  No of obs. 1167      
Distance  (Intercept) 13.85 0.71 19.45    
 Deterrent treatment 1.91 0.55 3.44 25.84 1 < 0.001 
 Time block order    0.91 1 0.34 
 Random effects Variance SD % total    
 Time block (in night) (N = 12) 5.14 2.27 71.55    
 Night (in site) (N = 9) 1.36 1.17 18.95    
 Site (N = 3) 0.68 0.83 9.51    
 No of obs. 1167      
      
   





Figure 4.5 Boxplots of flight trajectory measurements, during control (white) and deterrent (shaded) periods: 
(a) mean flight speed per trajectory over the experiment hour, (b) mean distance per trajectory from thermal 
cameras, (c) length of flight trajectories and (d) mean flight height per trajectory. Boxes include 25th 
percentile, median and 75th percentiles, with 95% confidence interval depicted as ‘whiskers’. p values from 
likelihood ratio tests comparing LMM/GLMMs with and without deterrent treatment (all plots) and/or Time 






4.4.2 Acoustic bat call data 
I identified 5,440 bat passes, 1,343 feeding buzzes and 718 social calls from a total 
of nine hours of ultrasonic recording, on nine nights at three sites (one hour per 
night, three nights per site), a mean (± SD) of 604.44 ± 141.00 passes, 149.22 ± 
97.24 feeding buzzes and 79.78 ± 56.94 social calls per night. Most passes were 
identified as Pipistrellus pygmaeus (4304, 79.12%), followed by Myotis species 
(727, 13.36%) and P. pipistrellus (323, 5.94%). The remaining 1.58% of passes were 
made up of Eptesicus serotinus and Nyctalus species, Barbastella barbastellus, 
Plecotus auritus and Pipistrellus nathusii. Most feeding buzzes and social calls were 
from P. pygmaeus (1,243, 92.55% and 703, 97.91% respectively), with the 
remaining feeding buzzes coming from mainly Myotis species (78, 5.81%) and 
social calls from Myotis species, P. pipistrellus and the Eptesicus serotinus and 
Nyctalus species group (2.09%). 
All bat passes, feeding buzzes and social calls were reduced by 28.39% by the 
deterrent, when combined. Acoustic deterrent deployment significantly reduced 
the number of passes of P. pygmaeus and Myotis species compared to the control, 
both by a 26% reduction (Figure 4.6; Table 4.2-4.3; see Table S4.3 for model 
selection statistics). The deterrent also significantly reduced the number of P. 
pygmaeus feeding buzzes and social calls (38.15% and 22.92% reduction, 
respectively). Nyctalus and Eptesicus species passes were also significantly 
reduced by the deterrent, with a reduction of 68%, however, there was no effect 
of the deterrent on P. pipistrellus. There were not enough data to model for any 
other species passes, feeding buzzes or social calls (< 20 passes per night for 
majority of nights). 
P. pygmaeus passes, feeding buzzes and social calls were similar in number 
throughout the experiment hour and time block was not significant when data 
were analysed with GLMMs (Figure 4.7a-c; Table 4.2; Table S4.3). There were more 
Myotis species and P. pipistrellus passes in the latter half an hour and time block 




4.7d-e; Table 4.3; Table S4.3). There were also significantly more Nyctalus and 
Eptesicus passes in earlier time blocks and time block order was significant when 
included as a fixed effect in a GLMM (Figure 4.7f; Table 4.3; Table S3.2).  
 
Figure 4.6 Mean % change from control to deterrent treatments in counts of (a) bat passes of four 
species/groups and (b) feeding buzzes and social calls of Pipistrellus pygmaeus. Species included Pipistrellus 
pygmaeus, Myotis species, Pipistrellus pipistrellus and Nyctalus and Eptesicus species. Bars were calculated as 
the mean (± SE error bars) of the % difference between counts for control and deterrent treatment for each 
time block on each night, including three nights at each site (N=6 10 min time blocks containing 5 min control 
and treatment periods). A negative %, below zero on the y axis represents a reduction in bat activity and a 





Figure 4.7 Temporal activity of bat species over experiment hour. Including mean number of passes per 10 s 
file, for each 10 min period for: (a) Pipistrellus pygmaeus passes, (b) P. pygmaeus feeding buzzes, (c) P. 
pygmaeus social calls, (d) Myotis spp. passes (e) P. pipistrellus passes and (f) Nyctalus and Eptesicus spp. 
passes. Significant effect of time block from GLMM analysis indicated by significance stars (* = p < 0.05, ** = 





Table 4.2. Final model estimates, SE and z statistics from final models for Pipistrellus pygmaeus data, including passes (p), feeding buzzes (fb) and social calls (sc). Likelihood ratio test (LRT) 
statistics (including p values) are presented for significant and non-significant terms. Variance, standard deviation and percentage of total variance are presented for random effects. Model 
selection statistics presented in Supplementary Material Table S4.3. 
Species Model terms Estimate SE z χ2 df p 
P. pygmaeus (p) (Intercept) 0.61 0.23 2.64    
 Deterrent treatment -0.46 0.11 -4.13 15.92 1 < 0.0001 
 Time block order    3.43 1 0.06 
 Random effects Variance SD % total 
   
 Time block (in night) (N = 12) 0.28 0.53 66.28 
   
 Night (in site) (N = 9) 0.00 0.00 0.00 
   
  Site (N = 3) 0.14 0.38 33.72  
  
P. pygmaeus (fb) (Intercept) -1.17 0.25 -4.69    
 Deterrent treatment -0.71 0.28 -2.48 5.99 1 < 0.05 
 Time block order    0.27 1 0.60 
 Random effects Variance SD % total  
  
 Time block (in night) (N = 12) 1.76 1.33 93.74  
  
 Night (in site) (N = 9) 0.07 0.27 3.96  
  
  Site (N = 3) 0.04 0.21 2.30  
  
P. pygmaeus (sc) (Intercept) -2.21 0.29 -7.48    
 Deterrent treatment -1.04 0.42 -2.50 6.34 1 < 0.05 
 Time block order    0.79 1 0.37 
 Random effects Variance SD % total  
  
 Time block (in night) (N = 12) 3.28 1.81 98.78  
  
 Night (in site) (N = 9) 0.04 0.20 1.22  
  





Table 4.3. Final model estimates, SE and z statistics for Myotis species, Pipistrellus pipistrellus and Nyctalus and Eptesicus species group pass count data. Likelihood ratio test (LRT) statistics 
(including p values) are presented for significant and non-significant terms. Variance, standard deviation and percentage of total variance are presented for random effects. Model selection 
statistics presented in Supplementary Material Table S4.3. 
Species Model terms Estimate SE z χ2 df p 
Myotis spp. (p) (Intercept) -3.65 0.35 -10.35    
 Deterrent  -0.74 0.21 -3.48 11.28 1 < 0.001 
 Time block order 0.29 0.03 8.91 65.32 1 < 0.0001 
 Random effects Variance SD % total    
 Time block (in night) (N = 12) 0.74 0.86 63.68    
 Night (in site) (N = 9) 0.40 0.64 34.92    
  Site (N = 3) 0.02 0.13 1.40    
P. pipistrellus (p) (Intercept) -3.63 0.53 -6.82    
 Time block order  0.13 0.04 3.25 10.90 1 < 0.01 
 Deterrent    0.74 1 0.39 
 Random effects Variance SD % total    
 Time block (in night) (N = 12) 1.01 1.00 63.82    
 Night (in site) (N = 9) 0.01 0.09 0.49    
  Site (N = 3) 0.56 0.75 35.69    
Nyctalus and Eptesicus spp. (p) (Intercept) -3.98 0.93 -4.27    
 Deterrent  -0.98 0.50 -1.96 4.29 1 < 0.05 
 Time block order -0.17 0.07 -2.36 5.94 1 < 0.05 
 Random effects Variance SD % total    
 Time block (in night) (N = 12) 1.89 1.37 41.42    
 Night (in site) (N = 9) 1.87 1.37 41.02    




4.4.3 Bat call parameter data 
I extracted echolocation call parameter measurements from 300 Pipistrellus 
pygmaeus passes (900 individual calls) from five pairs of 5-min time blocks (150 
passes per control and treatment blocks). Calls ranged in frequency of maximum 
energy from 49.40 to 63.70 kHz, with a mean ± standard deviation of 55.75 ± 2.38 
kHz (Table 4.4). Start and end frequency ranged from 55.30 to 113.40 kHz and 
47.80 to 60.80 kHz respectively, with means and standard deviations of 83.05 
±13.65 and 53.41 ±2.09 kHz respectively (Table 4.4). Call duration ranged from 
1.80 to 9.80 ms (4.83 ± 1.27) and pulse interval from 6.30 to 164.00 ms (75.29 
±16.04).  
Bandwidth and start frequency were significantly reduced by 5.79 and 5.68 kHz 




Table 4.5), but there was no effect of treatment on call duration, pulse interval, 
peak or end frequency when data were analysed using LMMs (Duration: χ2 = 0.63, 
df = 1, p = 0.43; IPI: χ2 = 0.83, df = 1, p = 0.36; Peak F: χ2 = 0.06, df = 1, p = 0.81; 
end F:  χ2 = 0.30, df = 1, p = 0.58) (see Table S4.4 for model selection statistics). A 
higher number of bats in a pass significantly increased both bandwidth and start 
frequency and was a significant effect in an LMM. 
Table 4.4. Pipistrellus pygmaeus echolocation call parameter statistics for control and deterrent treatments 
and total. Including mean ± standard deviation, p value from linear mixed effect model likelihood ratio tests 
between models with and without deterrent treatment and adjusted p values calculated using Bonferroni 
correction. Model selection statistics presented in Supplementary Material Table S4.4. 
Call parameter Control Deterrent Total p  p adjusted  
Bandwidth (kHz) 32.53 ± 13.42 26.74 ± 12.44 29.63 ± 13.25 0.0028 0.017 
Start F (kHz) 85.89 ± 13.87 80.21 ± 12.82 83.05 ± 13.65 0.0044 0.026 
End F (kHz) 53.36 ± 2.09 53.46 ± 2.09 53.41 ± 2.09 NS NS 
Peak F (kHz) 55.83 ± 2.45 55.67 ± 2.32 55.75 ± 2.38 NS NS 
IPI (ms) 75.35 ± 17.43 75.22 ± 14.54 75.29 ± 16.04 NS NS 






Table 4.5. Final model estimates, SE and t statistics for significant Pipistrellus pygmaeus echolocation call parameter measurements, bandwidth and start frequency. Fixed effects included 
deterrent treatment (control or deterrent) and the number of bats in a pass (one or two). Likelihood ratio test (LRT) statistics (including p values) are presented for significant and non-significant 
terms. Variance, standard deviation and percentage of total variance are presented for random effects. Model selection statistics presented in Supplementary material Table S4.4. 
Model Model terms Estimates SE t χ2 df p 
Bandwidth (Intercept) 27.37 3.04 9.01    
 Deterrent  -5.62 1.79 -3.13 8.93 1 < 0.01 
 No of bats  3.84 1.28 3.00 8.76 1 < 0.01 
 Time block order    4.47 4 0.35 
 Random effects Variance SD % total    
 Sequence (in time block) 64.66 8.04 37.86    
 Time block (in time block pair) (N = 10) 40.69 6.38 23.83    
 Time block pair (in night) (N = 6) 27.12 5.21 15.88    
 Night (in site) (N = 9) 0.00 0.00 0.00    
 Site (N = 3) 13.81 3.72 8.09    
  Residual 24.50 4.95 14.35    
Start F (Intercept) 79.95 3.03 26.36    
 Deterrent  -5.45 1.83 -2.98 8.13 1 < 0.01 
 No of bats  4.42 1.33 3.32 10.58 1 < 0.01 
 Time block order     2.35 1 0.12 
 Random effects Variance SD % total    
 Sequence (in time block) 72.20 8.50 66.30    
 Time block (in time block pair) (N = 10) 40.85 6.39 37.51    
 Time block pair (in night) (N = 6) 30.32 5.51 27.84    
 Night (in site) (N = 9) 0.00 0.00 0.00    
 Site (N = 3) 12.74 3.57 11.70    





I have shown that bats altered their echolocation calls and flew significantly faster 
during deterrent broadcast and therefore foraged less (Figure 4.5; Table 4.4), 
matching my predictions and supporting the interpretation that the mechanism 
underpinning acoustic deterrence is a masking effect on echolocation (Jones & 
Rayner 1988, 1991; Jones 1995; Grodzinski et al. 2009; Polak et al. 2011). However, 
the small reduction in tortuosity further away from the deterrent (~25-30 m) 
during noise playback (1.25%, Table 4.1) may have been due to a bridge being 
present at the edge of the treatment area at each site, at which bat activity was 
generally higher. In the absence of deterrent noise, it is likely that bats foraged 
around the bridge with more tortuous flight paths, compared to during deterrent 
treatment where they flew more directly, perhaps under the bridge to get away 
from the sound and with less of an area to manoeuvre.  
Overall, bat activity was reduced by 30% when the deterrent noise was broadcast, 
which is what we would expect for distances up to 30-40 m from the deterrent, in 
support of findings in Chapters 2 and 3 of this thesis. Indeed, the experiment was 
set up purposefully in order to record enough bats to see an effect, but not so far 
away to be beyond the zone of influence. The range of the cameras field of view 
(FOV) covered ~5-30 m and as the deterrent speakers were placed a further 10 m 
behind this, the treated airspace was ~15-40 m from the deterrent. A stronger 
effect on trajectory measurements and bat call activity and characteristics would 
therefore likely have been recorded nearer the deterrent (at < 15 m).  
Species deterred by the noise included Pipistrellus pygmaeus, Myotis species 
(likely Myotis daubentonii) and Nyctalus and Eptesicus species (Figure 4.6). There 
was no effect of the deterrent on P. pipistrellus passes, but this may have been 
due to the small sample size of calls recorded. P. pipistrellus is also a generalist 
species, that will forage in a range of habitats, but preferring deciduous woodland 
edge overall, whereas P. pygmaeus is more of a riparian specialist (Davidson-Watts 




deterrent in Chapter 2 and in the larger scale experiment in Chapter 3. Therefore, 
I cannot rule out a deterrent effect on P. pipistrellus from this study, as the focus 
on river habitats, may have reduced the ability to record the species, resulting in 
a small sample size. Nyctalus and Eptesicus species are usually high fliers (Jones 
1995) and unlikely to have been recorded on thermal cameras and incorporated 
into trajectory analysis. However, it is likely deterrence effects extend into the 
vertical plane as well as just in front of the speakers, as there was a significant 
(68%) reduction in Nyctalus and Eptesicus species passes during deterrent 
broadcast (Figure 4.6).  
P. pygmaeus feeding buzzes were also reduced by 38%, but there was less of a 
reduction in social calls (23%), relative to the 28% reduction in passes. Social calls 
of bats deterred from the treatment area, but still in the vicinity, may have still 
been recorded, reducing the effect of the deterrent on social calls. P. pygmaeus 
social calls are louder and of lower frequency than echolocation calls and so can 
travel further in the environment and are therefore more likely to be recorded 
(Pfalzer & Kusch 2003; Middleton et al. 2014). P. pygmaeus social calls can also 
have an aversive effect on conspecifics when insect densities are low, in line with 
the food patch defence hypothesis (Barlow & Jones 1997). An increase in bats 
moving into an already occupied patch, outside of the treatment area, but close 
enough to be recorded, could also have decreased the likelihood of detecting a 
greater effect. I also can not rule out any deterrent effect on amplitude, frequency 
characteristics or vocal complexity of social calls, as I did not measure these call 
characteristics (Jiang et al. 2019; Song et al. 2019).   
As predicted, the deterrent noise acted like other sources of ambient ultrasound, 
to mask P. pygmaeus echolocation calls, resulting in shift in their signal structure 
(Gillam & McCracken 2007; Tressler & Smotherman 2009; Hage & Metzner 2013; 
Bunkley et al. 2015; Song et al. 2019). P. pygmaeus reduced bandwidth and start 
frequency of echolocation search phase calls in response to deterrent noise, 
probably to increase the signal to noise ratio of signals and discern echoes more 




energetic costs of echolocation, bats either focus their energy in a narrower band 
or spread it over a wider range of frequencies, depending on the situation 
(Schnitzler & Kalko 2001; Chiu et al. 2009). Therefore, by focussing energy into a 
louder, more narrowband call, bats are more likely to detect their echoes against 
the background noise of the deterrent. A potential confound is that bats will 
increase their bandwidth when more conspecifics are present in an area, due to 
the surrounding airspace representing a more complex environment similar to 
clutter (Chiu et al. 2009; Cvikel et al. 2015; Gotze et al. 2016). Therefore, the 
reduction in start frequency and bandwidth recorded during deterrent periods 
could be due to less bats being present in a pass (and therefore the surrounding 
area). However, I analysed passes where there were one or two bats present and 
controlled for number of bats in analyses. The number of bats present did 
significantly increase bandwidth and start frequency as predicted from the 
literature (Chiu et al. 2009; Cvikel et al. 2015; Gotze et al. 2016) (Table 4.4), but 
despite this, there was still a significant negative effect on both call parameters 
when the deterrent was deployed.   
Deterrent noise could have also acted as an aversive stimulus as well as a masking 
one (Luo et al. 2015; Zeale et al. 2016). For example, foraging efficiency of Myotis 
daubentonii was significantly reduced during playbacks of traffic noise that both 
did and did not overlap with its echolocation call spectral range, but search effort 
was not affected (Luo et al. 2015). Therefore, as I did not measure echolocation 
call characteristics of Myotis bats, it is possible the reduction in activity seen in this 
species is due to the deterrent acting as an aversive or uncomfortable stimulus, 
rather than a masking one.       
In conclusion, I have shown that the mechanism underpinning acoustic deterrence 
in bats is likely to be due to auditory masking and the impact is a reduction in 
foraging activity, due to the masking noise precluding the use of echolocation. Bats 
foraging in areas such as around wind turbine blades and on or nearby roads are 
at high risk of mortality (Mathews et al. 2016; Rydell et al. 2016; Foo et al. 2017). 




the impacts of these structures (Arnett et al. 2013). However, the building and 
operation of these structures may already be causing a reduction in available 
foraging habitats, due to for example traffic and construction noise pollution, light 
pollution, habitat loss/destruction and barrier effects (Arnett & Baerwald 2013; 
Altringham & Kerth 2016; Arnett et al. 2016; Fensome & Mathews 2016; Barre et 
al. 2018). Introducing deterrence could reduce available foraging habitat even 
further and may contribute another pollutant into an already increasingly noisy 
environment. However, this may be the lesser of two evils if bats are at direct risk 
of mortality (Altringham & Kerth 2016; Frick et al. 2017). As with any mitigation 
measure, a case-by-case approach is important, weighing up any loss of foraging 






Table S4.1 Model selection statistics for significant bat trajectory measurement 
models 
Table S4.2 Model selection statistics for non-significant trajectory measurement 
models 
Table S4.3 Model selection statistics for acoustic bat pass, feeding buzz and social 
call data 







Table S4.1 Model selection statistics for significant final models of trajectory measurement data. Models arranged by AICc weight (AICc Wt) and include number of model parameters (K), 
cumulative AICc weight (Cum. Wt). 
Measurement Model Distribution Link K AICc ΔAICc AICc Wt Cum. Wt 
Speed Deterrent + block number Gaussian NA 7 2922.174 0 0.974 0.97 
 Deterrent + depth + block number  Gaussian NA 8 2929.521 7.3 0.025 1.00 
 Deterrent + depth * block number  Gaussian NA 9 2936.13 14 0.001 1.00 
 Block number Gaussian NA 6 2943.108 20.9 0.001 1.00 
 Deterrent  Gaussian NA 6 2945.363 23.2 0.001 1.00 
 Deterrent + depth Gaussian NA 7 2952.642 30.5 0.001 1.00 
  Deterrent * depth * block number  Gaussian NA 12 2955.425 33.3 0.001 1.00 
Tortuosity Deterrent * distance  beta-binomial cloglog 8 -10329784.19 0 1 1.00 
 Deterrent * distance  beta-binomial logit 8 -10329678.14 106 < 0.001 1.00 
 Deterrent * distance + block number beta-binomial logit 9 -10329676.27 107.9 < 0.001 1.00 
 Deterrent * distance  beta-binomial probit 8 -10329448.02 336.2 < 0.001 1.00 
 Deterrent + distance  beta-binomial logit 7 -10327031.42 2752.8 < 0.001 1.00 
 Deterrent + distance + block number beta-binomial logit 8 -10327029.45 2754.7 < 0.001 1.00 
 Deterrent * height + block number beta-binomial logit 9 -10320815.84 8968.3 < 0.001 1.00 
  Deterrent * distance  beta-binomial logit 8 12914.25 10342698.4 < 0.001 1.00 
Distance Deterrent  Gaussian NA 6 6239.36 0 0.868 0.87 
 Deterrent + block number  Gaussian NA 7 6243.694 4.3 0.099 0.97 
 Deterrent * block number  Gaussian NA 8 6246.415 7.1 0.026 0.99 






Table S4.2 Model selection statistics for final models of non-significant trajectory measurement data. Models arranged by AICc weight (AICc Wt) and include number of model parameters (K), 
cumulative AICc weight (Cum. Wt). 
Measurement Model Distribution Link K AICc ΔAICc AICc Wt Cum. Wt 
Length null Gaussian NA 5 9.995264 0 0.971 0.97 
 Deterrent  Gaussian NA 6 17.04132 7 0.029 1.00 
 Deterrent + distance  Gaussian NA 7 27.00289 17 0 1.00 
 Deterrent + distance + block number Gaussian NA 8 38.6426 28.6 0 1.00 
  Deterrent * distance + block number Gaussian NA 9 46.47199 36.5 0 1.00 
Height null Gaussian NA 5 314.6157 0 0.952 0.95 
 Deterrent Gaussian NA 6 320.6235 6 0.047 1.00 
 Deterrent + block number  Gaussian NA 7 329.2744 14.7 <0.001 1.00 





Table S4.3 Model selection statistics for pass data of Pipistrellus pygmaeus, P. pipistrellus, Myotis spp., Nyctalus and Eptesicus spp. and P. pygmaeus feeding buzz (fb)/social call (sc) data. Models 
arranged by AICc weight (AICc Wt) and include number of model parameters (K), cumulative AICc weight (Cum. Wt).  
Species Model link Distribution K AICc ΔAICc AICc Wt Cum. Wt 
P. pygmaeus Deterrent log Poisson 6 6723.37 0.00 0.60 0.60 
 Deterrent + time block  log Poisson 5 6724.78 1.40 0.29 0.89 
 Deterrent  log Negative binomial 6 6726.82 3.50 0.11 1.00 
  null log Poisson 4 6738.70 15.30 0.00 1.00 
Myotis spp. Deterrent + time block  log Poisson 6 2702.84 0.00 0.73 0.73 
 Deterrent + time block  log Negative binomial 7 2704.84 2.00 0.27 0.99 
 Time block log Poisson 5 2712.10 9.30 0.01 1.00 
 Deterrent log Poisson 5 2766.15 63.30 0.00 1.00 
P. pipistrellus Time block log Poisson 5 1732.04 0.00 0.58 0.58 
 Deterrent + time block log Poisson 6 1733.31 1.30 0.31 0.89 
 Deterrent + time block log Negative binomial 7 1735.33 3.30 0.11 1.00 
  Deterrent  log Poisson 5 1742.20 10.20 0.00 1.00 
Nyctalus and Eptesicus spp. Deterrent + time block log Poisson 6 572.99 0 0.508 0.51 
 Time block log Poisson 5 574.735 1.7 0.213 0.72 
 Deterrent + time block log Negative binomial 7 575.017 2 0.185 0.91 
  Deterrent   log Poisson 5 576.381 3.4 0.094 1.00 
P. pygmaeus (fb) Deterrent + time block  log Negative binomial 6 3889.00 0.00 0.64 0.64 
 Deterrent  log Negative binomial 7 3890.74 1.70 0.27 0.91 
 Deterrent  log Negative binomial 5 3892.97 4.00 0.09 1.00 
  null log Poisson 6 3934.89 45.90 0.00 1.00 
P. pygmaeus (sc) Deterrent log Negative binomial 6 2540.75 0.00 0.60 0.60 
 Deterrent + time block  log Negative binomial 7 2541.96 1.20 0.33 0.93 
 null log Negative binomial 5 2545.08 4.30 0.07 1.00 




Table S4.4 Model selection statistics for final models of bat echolocation call parameter data. Models arranged by AICc weight (AICc Wt) and include number of model parameters (K), cumulative 
AICc weight (Cum. Wt). 
Parameter Model Distribution K AICc ΔAICc AICc Wt Cum. Wt 
Bandwidth Deterrent + no of bats + time block Gaussian 10 6202.54 0.00 0.53 0.53 
 Deterrent + no of bats   Gaussian 9 6202.80 0.30 0.46 0.99 
 Deterrent + time block Gaussian 9 6211.61 9.10 0.01 1.00 
 No of bats Gaussian 8 6212.70 10.20 0.00 1.00 
Peak F null Gaussian 7 3366.28 0.00 0.75 0.75 
 Deterrent Gaussian 8 3368.82 2.50 0.21 0.96 
 Deterrent + time block + no of bats Gaussian 10 3373.37 7.10 0.02 0.98 
  Deterrent + time block Gaussian 9 3373.95 7.70 0.02 1.00 
Duration null Gaussian 7 2139.23 0.00 0.78 0.78 
 Deterrent Gaussian 8 2142.56 3.30 0.15 0.92 
 Deterrent + no of bats Gaussian 9 2143.91 4.70 0.07 1.00 
  Deterrent + no of bats + time block Gaussian 10 2150.72 11.50 0.00 1.00 
IPI Deterrent + time block + no of bats Gaussian 10 7185.86 0.00 0.55 0.55 
 Deterrent + time block  Gaussian 9 7186.98 1.10 0.31 0.86 
 null Gaussian 8 7188.60 2.70 0.14 1.00 
  Deterrent Gaussian 8 7198.11 12.20 0.00 1.00 
Start F Deterrent + no of bats Gaussian 9 6240.43 0.00 0.50 0.50 
 Deterrent + time block + no of bats Gaussian 10 6240.43 0.00 0.50 0.99 
 No of bats Gaussian 8 6249.57 9.10 0.01 1.00 
  Deterrent + block number Gaussian 9 6251.51 11.10 0.00 1.00 
End F No of bats Gaussian 8 2892.87 0.00 0.76 0.76 
 Deterrent + no of bats Gaussian 9 2895.27 2.40 0.23 0.98 
 Deterrent + time block + no of bats Gaussian 10 2901.13 8.30 0.01 1.00 











5.1 Thesis overview 
Bat deterrence methods have shown potential for their use in reducing risk to bats 
at wind turbines (Nicholls & Racey 2007, 2009; Arnett et al. 2013), and in removing 
roosting bats from areas in historic buildings when they can cause problems (Zeale 
et al. 2016). Therefore, in this thesis, I aimed firstly to test and compare methods 
to deter bats and secondly, to investigate bat responses to deterrence. For the 
latter, I focussed on acoustic deterrence methods, which showed potential in 
reducing bat activity when compared to radar in the first experiment, which had 
no effect. For this thesis, I also developed a thermal bat tracking technique (with 
help from M.W Holderied), which I implemented at riparian foraging sites to 
record counts of 2-dimensional (2D) bat trajectories with increasing distance from 
an acoustic deterrent. I then developed the tracking methods further to record 3-
dimensional responses of bats, to investigate the mechanisms underpinning 
acoustic deterrence and its impact on foraging behaviour. Therefore, in the 
following sections, I discuss applications, welfare implications and future research 
recommendations for acoustic deterrence for bat conservation and the reduction 
of human impacts on bats. I also briefly outline possible applications for the 2D 
tracking and stereo thermal videogrammetry methods developed for this thesis.  
5.2 Are bat deterrence methods effective? 
In Chapter 2 of this thesis, I show that acoustic, but not radar deterrents are 
effective at reducing bat activity and foraging at riparian foraging sites in the UK. 
This study is the first to test and compare bat deterrence methods in Europe and 
acts as proof-of-concept for the use of acoustic deterrence to reduce impacts of 
human activities and/or structures, for example wind turbines (Rydell et al. 2010a; 
Rydell et al. 2010b; Mathews et al. 2016; Rydell et al. 2016), roads (Altringham & 
Kerth 2016; Fensome & Mathews 2016) and in buildings where bats roost (Zeale 
et al. 2016). In Chapter 3, I show that the efficacy of an acoustic deterrent 
decreases with distance at a fine-scale (15-30 m) and in a larger scale experiment 




beyond 40 m, as sound pressure levels are likely to be at or below hearing 
thresholds of bats (20-30 dB SPL), but closer to the speaker units there was a 
significant reduction in bat activity (80% at 15 m). In Chapter 4, I show that the 
mechanism for acoustic deterrence is likely masking of bat echolocation calls, 
which in turn reduces bat foraging behaviour. However, it is possible that the 
deterrent is also acting as a generally aversive stimulus in some species (Luo et al. 
2015). Therefore, acoustic deterrents warrant further research and development 
and in the next two sections I discuss potential welfare implications and possible 
applications of these methods.     
5.3 Welfare implications 
Despite its potential, acoustic bat deterrence may have welfare implications that 
need to be considered when weighing up its use against alternative mitigation 
methods. Acoustic deterrence usually involves the use of an aversive, distractive 
or masking stimulus and therefore has potential to reduce access to habitats and 
resources and/or could cause stress or even direct pain in some animals (Schakner 
& Blumstein 2013).  
Bats are likely to respond to an acoustic deterrent stimulus in a similar way to that 
from an anthropogenic source, such as traffic or gas compressor noise (Bunkley & 
Barber 2015; Bunkley et al. 2015; Luo et al. 2015). Anthropogenic noise can induce 
measurable stress responses in some animals such as an increase in cortisol levels 
or heart rate (Kight & Swaddle 2011). However, Brazilian free-tailed bats (Tadarida 
brasiliensis) had lower cortisol levels and parasite load when roosting below road 
bridges compared to in their natural cave roosts (Allen et al. 2011). Therefore, 
future research should address whether bats exposed to deterrent noise show 
elevated levels of stress hormones and other short and/or longer-term 
physiological indicators such as parasite load and other measures of body 
condition. However, any results of stress indication should also be weighed up 
against the short and long-term effects of the human activity being mitigated for, 




Mechanisms for response to acoustic deterrence in this thesis were likely to be a 
masking effect on echolocation by the deterrent sound, which also may have had 
a generally aversive effect (Luo et al. 2015). A sudden high amplitude sound can 
cause temporary threshold shifts (TTS) and even permanent damage in some 
animals (Schakner & Blumstein 2013). However, as bats have evolved in relatively 
loud and complex acoustic environments, often being exposed to the close-range 
high intensity calls of their conspecifics, they may not be so sensitive to these 
effects (Simmons et al. 2016). Understanding hearing thresholds in bats in more 
detail is therefore an important basis for further deterrent research, including the 
exploration of species-specific effects of different deterrent frequencies and 
amplitudes on bat ears.   
Bat deterrence, by its design, acts to move bats out of an area, which may mean a 
reduction in access to foraging resources or habitat features such as roosts or 
commuting routes. If these resources are rare in the remaining habitat not 
affected by deterrence, or if the noise degrades surrounding habitats due to 
overspill effects, this could lead to unwanted impacts on the target species (and 
non-target species). However, small-scale movement of bats to new roosts within 
churches using acoustic deterrence did not affect where radio-tracked bats from 
the same church went to forage and also had no other obvious impacts on 
behaviour (Packman et al. 2015; Zeale et al. 2016). In comparison, light deterrents, 
which were also initially included for testing in churches in the same study were 
abandoned in early trials, due to entombment of bats in roosts (Zeale et al. 2016). 
The detrimental effects on bat colonies of the illeagal use of light in churches is 
also widely reported (Stone 2013; Rydell et al. 2017). In comparison, acoustic 
deterrence may allow the movement of bats to new areas within a building, 
without the significant detrimental effects on behaviour seen with the use of light.  
Other wild mammals such as rodents, polecats and otters all have the ability to 
hear high frequency sounds of > 20 kHz and therefore could be affected by noise 
overspill of bat deterrence methods (Heffner & Heffner 2008). Therefore, future 




deterrence devices are as targeted as possible, reducing any effects on non-target 
bat species and species from other taxa. In the next section, I discuss possible 
applications, refinements to the system and future research.  
5.4 Applications and future research 
5.4.1 Wind turbines  
Human activities and development put many bat species at risk and human-bat 
conservation conflicts and impacts are an increasing concern for governments and 
non-government organisations wishing to protect this enigmatic and ecologically 
important group (Altringham & Kerth 2016; Arnett et al. 2016; Rowse et al. 2016; 
Voigt & Kingston 2016). For example, wind energy development and construction 
pose a significant risk to bat populations and large numbers of fatalities have been 
documented in North America over the last few decades (Arnett et al. 2008; Cryan 
2008; Baerwald et al. 2014). Fatalities in Europe are not documented on such a 
large scale, but still have the potential to cause deleterious effects to resident bat 
populations and those that migrate in from further afield (Amorim et al. 2012; 
Camina 2012; Georgiakakis et al. 2012; Santos et al. 2013; Lehnert et al. 2014; 
Lintott et al. 2016; Mathews et al. 2016). Wind energy development is listed as 
one of the key threats and conservation issues in the recent EU Bats Action Plan 
for 2018 to 2024 and guidelines specifically considering bats in wind developments 
such as the EUROBATS guidelines have been published (Rodrigues et al. 2015; 
Marchais & Thauront 2018). Along with mortality from direct collision, bats 
entering the roto-swept zone of turbines may be subject to pressure changes, 
which can result in damage to internal organs (barotrauma) (Baerwald et al. 2008; 
Rollins et al. 2012). Wind farms may also displace bats from important foraging 
habitats or commuting and migration routes (Roscioni et al. 2013; Lehnert et al. 
2014; Roscioni et al. 2014). Bat fatalities were significantly reduced by up to 50-
60% at a wind farm in North America, when acoustic deterrents were used (Arnett 
et al. 2013). Therefore, acoustic deterrence is a method that requires further 




operational mitigation measures such as the increase in cut-in speeds (starting the 
movement of turbine blades at higher wind speeds, often called ‘feathering’) 
(Arnett et al. 2010; Arnett & Baerwald 2013). Feathering has been shown to 
reduce bat mortality at wind farms in North America, with nightly reductions in 
bat fatalities ranging from 44-93% (Arnett et al. 2010). However, deterrence may 
be a cheaper alternative mitigation strategy, as after initial costs of installation, 
costs of powering the speakers are likely to be negligible, compared to the 
economic losses incurred by feathering the blades at lower wind speeds (Arnett et 
al. 2013). Future research should therefore focus on implementation of acoustic 
deterrence at wind farm sites in Europe and evaluation of the effectiveness in 
reducing causalities compared to and/or in combination with operational 
mitigation.  
This thesis has shown that a broadband ultrasonic deterrent is effective up to 
about 40 m for bats with echolocation call frequencies of around 50 kHz. Current 
development of a second-generation speaker system by Bat Conservation 
International (BCI) (batcon.org) and NRG Systems (nrgsystems.com) may result in 
a more targeted speaker system, similar to those used on birds (Mahjoub et al. 
2015; Swaddle et al. 2016; Schlichting et al. 2017). A speaker with a tuneable, 
relatively more narrowband output may allow deterrence over larger distances 
and a more species-specific effect. For example, bats killed in the greatest 
numbers at wind turbines in Europe tend to be the bigger, migratory species such 
as Nyctalus and Eptesicus species, that have relatively low frequency echolocation 
calls of < 30 kHz (Rydell et al. 2010a; Mathews et al. 2016). Therefore, tuning 
deterrent speakers to these frequencies may yield a greater deterrent effect on 
these species and a resultant reduction in causalities. However, this method would 
not necessarily cause a deterrent effect in species that call at higher frequencies 
such as Pipistrellus species, which are also killed in significant numbers at turbines 
in Europe (Rydell et al. 2010a; Mathews et al. 2016). Therefore, a broadband 
deterrent speaker, similar to that tested in this thesis may be more appropriate in 




High frequency sound is subject to frequency-dependent absorption in air, with 
higher frequencies attenuating more quickly, especially with higher temperatures 
and humidity (Bazley 1976). As turbine blades are becoming increasingly longer, 
broadcasting the higher frequency components of a deterrent sound with 
sufficient power, so that it reaches the edge of the rotor-swept zone is a 
challenging engineering problem. In this thesis, I found evidence for a masking 
effect on echolocation as a potential mechanism for the deterrent effect seen on 
Pipistrellus pygmaeus bats at foraging sites. However, as the deterrent I tested 
produced broadband sound that overlapped with the species’ main call frequency 
(55 kHz), aversive effects of non-overlapping lower frequency elements of the 
deterrent broadcast cannot be ruled out. If a strong aversive effect of a lower 
frequency deterrent sound (e.g. ~20 kHz) is sufficient for deterrence, higher 
frequency sounds that are harder to project as far may not be necessary. 
Therefore, an important next step will be to understand the species-specific 
mechanisms underpinning deterrence in more depth for species that are at risk at 
wind turbines. For example, studies using the new tuneable deterrent will allow a 
comparison of the effects of overlapping and non-overlapping deterrent 
frequencies on species with different echolocation call frequencies. 
Another important avenue for future research is whether bats habituate to the 
deterrent sound at wind turbines and in other potential application scenarios. 
Zeale et al. (2016) found no habituation of Myotis nattereri to the same acoustic 
deterrent used in this thesis over a 21-day experimental period. However, a 
follow-on study also in churches found some evidence of habituation in Pipistrellus 
pygmaeus, with some individuals returning to roosts above the deterrent, after 
initial exclusion (Packman et al. 2015). Differences in habituation effects may 
therefore be species-specific in bats that roost in churches and may also be related 
to their echolocation call structure. Motivation to return to a roosting site may 
also be influenced by availability and quality of other potential roost sites. There 
was no habituation effect to the same deterrents in a study at wind turbines in 




thesis, I did not document any habituation to the deterrent in three experiments 
at foraging sites, however I also did not directly test this. As the experiments were 
short (1 hour per night) and designed to capture a peak in bat activity after sunset, 
any changes in activity over the experiment were likely due to normal activity 
patterns of different species at that time of night. Future research should 
therefore focus on species-specific habituation effects to the deterrents over a 
longer period and in different applications where they have potential for reducing 
risk to bats.     
5.4.2 Roads and other transport networks 
Despite extensive studies on other taxa, such as birds (Lowry et al. 2012; McClure 
et al. 2013; Ware et al. 2015; McClure et al. 2017), the impacts of roads and other 
transport infrastructure on bats is relatively understudied and current mitigation 
is largely ineffective or undeveloped (Berthinussen & Altringham 2012; Altringham 
& Kerth 2016). Road impacts range from direct mortality from collision, to a 
destruction or degradation of important habitat by noise, light and even 
potentially chemical pollution (Lesinski 2007; Kerth & Melber 2009; Altringham & 
Kerth 2016; Fensome & Mathews 2016). Roads can cause barrier effects due to a 
reduction in access to important habitats (Altringham & Kerth 2016; Fensome & 
Mathews 2016), either directly (Kerth & Melber 2009) or by noise or light 
degrading habitat quality (Bennett & Zurcher 2013; Fensome & Mathews 2016). 
However, both barrier effects and collision risk seem to be species-specific 
(Fensome & Mathews 2016). For example, woodland species are at increased 
collision risk, but suffer less barrier effects, especially in areas where roads 
intersect favourable woodland habitat (Lesinski 2007; Fensome & Mathews 2016). 
Therefore, future research could test whether acoustic deterrence could divert 
bats away from potentially dangerous flight routes over roads, allowing them to 
take safer alternative routes, for example over green bridges or through 
underpasses. However, as bats may respond to acoustic deterrence in a similar 
way to anthropogenic noise (Bunkley & Barber 2015; Bunkley et al. 2015; Luo et 




noise pollutant into an already degraded habitat is detrimental to local bat 
populations.  
5.4.3 Movement of roosting bats 
Conflict between groups wishing to conserve bat populations and those with more 
human-focussed interests can arise when bats roost in areas where they cause 
damage or hygiene issues in human dwellings, schools, workplaces or historical 
buildings such as churches or temples (Mgode et al. 2014; Zeale et al. 2016). Bats 
may also be impacted by construction activities at bridges or in buildings where 
they roost. Therefore, deterrence provides a non-invasive method of moving bats 
either temporarily or permanently to another roosting site (when alternatives are 
available) to alleviate human-bat impacts and conservation conflicts. For example, 
Natterer’s bats (Myotis nattereri) were successfully moved away from areas where 
they were causing problems with their urine and faeces to new roosting sites 
within churches in Norfolk, UK, using the same broadband ultrasonic deterrent 
device as tested in this thesis (Zeale et al. 2016). Short- and long-term deterrence 
did not exclude bats completely from the buildings and there was no measurable 
effect on foraging in radio-tracking experiments. Therefore, future research could 
focus on implementation of acoustic deterrence systems in other buildings or 
structures where bats roost (such as schools or workplaces), whilst monitoring 
impacts on behaviour.  
5.4.4 Applications and limitations of thermal bat tracking methods 
Thermal imaging and image-based tracking are methods that have incredible 
potential for studying bat behaviour and ecology (Hristov et al. 2008; Betke et al. 
2017). Automated counting methods allow bat activity to be quantified with 
increasing accuracy and detail (Dell et al. 2014) and have applications in studying 
the emergence, foraging behaviour and responses of bats to human structures 
and/or activities (Betke et al. 2008; Hristov et al. 2008; Hristov et al. 2010; Yang et 
al. 2013; Betke et al. 2017). Stereo thermal videogrammetry also allows individual 




be measured and therefore has applications in the study of bat flight and 
energetics (Holderied et al. 2005; Yang et al. 2013). Future research and mitigation 
applications are therefore broad ranging and are only limited by the possibilities 
of the system. For example, bat flight lines could be mapped around road 
networks, allowing appropriate mitigation to be developed for specific 
infrastructure networks. Thermal tracking methods could also be used to predict 
casualties at wind farms and allow appropriate real-time mitigation, such as 
operation of deterrents or limiting turbine operation during peaks in bat activity. 
Detailed exploration of bat flight behaviour during foraging or in tandem flights 
with conspecifics could allow investigation into these behaviours.  
However, a current limitation of the tracking system developed for this thesis and 
similar systems, is the requirement for large amounts of data storage, due to the 
recording of uncompressed video files (Dell et al. 2014). 3D tracking also requires 
accurately synchronised cameras and precise calibration methods, which limit the 
systems portability and ease of use (Dell et al. 2014). Further refinement of the 
technology involved in these systems to allow real-time compression and upload 
of data would therefore significantly increase their application potential.         
5.5 Conclusions 
In this thesis, I have shown that acoustic bat deterrents are a viable method to 
mitigate for human impacts on bats and further research should focus on their 
refinement and application. However, due to the mechanisms underpinning noise 
avoidance in bats, these methods may have a number of potentially unwanted 
effects. Therefore, I recommend that these methods should always be used with 
caution and should not made commercially available for use, without a 
government licence where possible. I also suggest that acoustic deterrents are 
used on a case-by-case basis, with careful consideration in each application, 
following specialist guidance. Providing this is the case, acoustic bat deterrents will 
be a useful tool in reducing human-bat conservation conflicts and impacts and 
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